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Crop production depends on the successful implementation of the soil, water, and 
nutrient management technologies. Food production by the year 2020 needs to be 
increased by 50 percent more than the present levels to satisfy the needs of around 
8 billion people. Much of the increase would have to come from intensification of 
agricultural production. Importance of wise usage of water, nutrient management, 
and tillage in the agricultural sector for sustaining agricultural growth and slowing 
down environmental degradation calls for urgent attention of researchers, planners, 
and policy makers. Crop models enable researchers to promptly speculate on the 
long-term consequences of changes in agricultural practices. In addition, cropping 
systems, under different conditions, are making it possible to identify the adaptations 
required to respond to changes. This book adopts an interdisciplinary approach 
and contributes to this new vision. Leading authors analyze topics related to crop 
production technologies. The efforts have been made to keep the language as simple as 
possible, keeping in mind the readers of different language origins. The emphasis has 
been on general descriptions and principles of each topic, technical details, original 
research work, and modeling aspects. However, the comprehensive journal references 
in each area should enable the reader to pursue further studies of special interest. The 
subject has been presented through fifteen chapters to clearly specify different topics 
for convenience of the readers.
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Preface 
Crop production depends on the successful implementation of the soil, water, and 
nutrient management technologies. Food production by the year 2020 needs to be 
increased by 50 percent more than the present levels to satisfy the needs of around 8 
billion people. Much of the increase would have to come from intensification of 
agricultural production. Importance of wise usage of water, nutrient management, and 
tillage in the agricultural sector for sustaining agricultural growth and slowing down 
environmental degradation calls for urgent attention of researchers, planners, and 
policy makers.  
Crop models enable researchers to promptly speculate on the long-term consequences 
of changes in agricultural practices. In addition, cropping systems, under different 
conditions, are making it possible to identify the adaptations required to respond to 
changes. The chapter under the Crop Modeling section gives an overview on the current 
knowledge of crop model usage, addresses the problems associated with these models 
and their utility for decision support in terms of yield variability, fertilizer, and 
irrigation strategies, as well as plant diseases. 
Globally, water is the fastest depleting resource, and its use for crop production 
requires knowledge of its quality, soil characteristics, crop type, and tillage operations. 
The current changes in climate are the main cause for erratic availability of water, 
affecting agricultural productivity worldwide. The agricultural sector is the largest 
consumer of water in the world.  
The Water Management and Crop Production section highlights the implementation of 
technologies that greatly improve the efficiency of water usage and nutrient 
management options in order to minimize environmental degradation, which can 
result from agricultural activities. Recent advances of the adaptive strategies in 
different crops for increasing water productivity are discussed. In addition, the 
CROPWAT model is proposed to compute soil moisture stress and the desired 
irrigation water requirements for five major food crops for 2050. Implications for 
agricultural planning at national, regional, and local levels are also discussed, and a 
climate change mitigation portfolio for small-scale farming systems is proposed. 
The Nutrient Management and Crop Production section stresses upon the importance of 
developing nutrient management plans that will optimize production with a minimal 
degradation risk to the environment. This section emphasizes that while food security is 
paramount to the sustainable livelihoods of smallholder farmers, the livelihood security 
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and poverty reduction depends more on increased food production. SFR technologies 
are fulfilling their primary role as a means to food security, but their adoption does not 
lead to significant livelihood improvements. Intervention of technological 
advancements, such as the remote sensing, is discussed as one of the tools available to 
delineate salinity stress in date palm. Application of organic fertilizer (FYM) plus 
mineral fertilizers as integrated plant nutrient management (IPNM) increases crop 
production per unit area through improved nutrient availability, nutrient use efficiency 
and soil fertility. Additionally, the use of PGPR offers an attractive way to supplement or 
replace chemical fertilizers and pesticides. Environmentally safe and efficient provision 
of nutrients for crops, nutrient recycling, and the best nutrient management practices go 
hand in hand, thus contributing to the final disappearance of ‘classical’ conflicts between 
environment, agriculture, and to sustainability of crop production. 
The Tillage and Crop Production section focuses on the energy use pattern for various 
field operations, and the alarming decline of soil health, its productivity, and therefore 
proposes methods of tackling the problems. Soil tillage and weeding operations are 
the most energy intensive operations in the production systems. The results reveal that 
the cost of energy use per unit area decreases with increase of farm size. This would 
serve as a key guide for small size millet producers, policy making, and planning for 
the government and other stakeholders of millet production around the globe. 
This book adopts an interdisciplinary approach and contributes to this new vision. 
Leading authors analyze topics related to crop production technologies. The efforts 
have been made to keep the language as simple as possible, keeping in mind the 
readers of different language origins. The emphasis has been on general descriptions 
and principles of each topic, technical details, original research work, and modeling 
aspects. However, the comprehensive journal references in each area should enable the 
reader to pursue further studies of special interest.  
The subject has been presented through fifteen chapters to clearly specify different 
topics for convenience of the readers. The completion of this volume has been made 
possible, first of all, by the willing and punctual contributions of the authors of the 
chapters. Ms. Mirna Cvijic provided further indispensable editorial support. The 
editors are grateful for these contributions. 
Dr Peeyush Sharma 
Assistant Professor (Soils) 





Dr Vikas Abrol 
Subject Matter Specialist  






Crop Models as Decision Support  
Systems in Crop Production 
Simone Graeff, Johanna Link, Jochen Binder and Wilhelm Claupein  
University Hohenheim, Crop Science (340a)  
Germany 
1. Introduction  
The current challenges crop production faces in the context of required yield increases while 
reducing fertilizer, water and pesticide inputs have created an increasing demand for 
agronomic knowledge and enhanced decision support guidelines, which are difficult to 
obtain on spatial scales appropriate for use in a multitude of global cropping systems.  
Nowadays crop models are increasingly being used to improve cropping techniques and 
cropping systems (Uehera and Tsuji, 1993; Penning de Vries and Teng, 1993; Boote et al., 
1996). This trend results from a combination of mechanistic models designed by crop 
physiologists, soil scientists and meteorologists, and a growing awareness of the 
inadequacies of field experiments for responding to challenges like climate change. A 
general management decision to be made underlies the principle that a crop response to a 
certain input factor can only be expected if there is a physiological requirement and if other 
essential plant growth factors are in an optimum state. Hence, the challenge for a farmer is 
to determine how to use information with respect to the management decisions he has to 
make, in other words he has to find an efficient, relevant and accurate way how to evaluate 
data for specific management decisions. Crop models enable researchers to speculate on the 
long-term consequences of changes in agricultural practices and cropping systems on the 
level of an agro-ecosystem. Finally, models make it possible to identify very rapidly the 
adaptations required to enable cropping systems to respond to changes in the economic or 
regulatory context (Rossing et al., 1997). 
The following chapter gives an overview on the current knowledge and use of crop models 
and addresses the problems associated with these methods. In a second part the use of crop 
growth models for decision support in terms of yield variability, fertilizer and irrigation 
strategies will be discussed in the context of two global case studies, one in China and the 
other one in Germany. The discussion focuses on the currently available modeling 
techniques and addresses the necessary future research areas in this context. 
2. Decisions and uncertainty  
Scientists have realized that farmers nowadays have multiple technologies like sensors, 
satellites etc. available to gather a myriad of data on weather, soil parameters, crop 
development and growth. The collected data is attributed to find the right management 
decision in the context of e.g. amount and timing of inputs, sowing and harvest date etc. 
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However, the collected data has opened a “Pandora’s box” of uncertainty. The type of 
information gained, increases the level of uncertainty, because it emphasizes the apparent 
disorder, or in a physical sense the entropy, as is does not deliver the management 
decision itself, but rather provides information. The relationship between the three related 
attributes of uncertainty, information and entropy can be illustrated by different levels of 
uncertainty. In the first level of uncertainty, e.g. a single soil texture map represents 
minimal information but low entropy. In a second level representing e.g. multiple layers 
of information from a given field like yield, soil water and soil nitrogen (N), more 
information is presented, but it is of high entropy. The uncertainty of decision making is 
now realized and high. Finally, the third level reflects a decision support system, where 
the information content is high, so entropy is low leading to a reduced level of uncertainty 
in the taken management decision.  
The current situation of cropping systems is represented in level two, where a lot of 
information is available, but it cannot be put in the right place yet. The challenge facing 
scientists now is to help farmers to understand this information. The farmer has to be 
enabled to use the information to manage his cropping system in a way that matches the 
underlying limitations. Thus, the optimum order will have minimum entropy and 
maximum information and a low level of uncertainty associated with the management 
decision. To capitalize on these features, however, the decision maker must have a more 
accurate assessment of the likely outcomes of action, thereby improving the likelihood of 
benefit to a degree, which justifies the additional effort required (Adams et al., 2000). Failure 
to do so has the consequence that uncertainty of outcomes remains to high, to provide 
reasonable benefit. 
However, much of the uncertainty in management decisions cannot be removed in an easy 
way, because the outcome like crop yield is often timely separated from the decision like 
timing and amount of nitrogen fertilizer. Because of this, the outcome or consequence of a 
given action has to be predicted. Crop models can play a major role in trying to minimize 
the uncertainty associated with certain management actions as they integrate and consider 
multiple factors for the decision making process. The following section will focus on the 
different types of models available and their appropriateness for crop management.   
3. Crop models 
Model types are divided arbitrarily into the categories defined by Cook (1997) as 
‘conventional’, ‘intuitive’, ‘expert systems’, ‘deterministic’ and ‘stochastic’. The 
characteristics of the model types and their previous use in crop management have been 
discussed in Cook (1997) and Cook and Adams (1998).  
Crop growth models have been used since the 1970s (Hoogenboom, 2003). The first crop 
growth models were based on approaches of simulating industrial processes (Forrester, 
1961). Brouwer and De Wit (1968) and De Wit et al. (1970) developed some of the early 
crop growth models in a program called BACROS. The main aim of their modeling 
activities was to understand the underlying processes at the plant scale (Van Ittersum et 
al., 2003). While all models have achieved various degrees of success in application, they 
all have their weakness and fail under certain circumstances, wherefore authors of models 
should clarify the limitations of their models and ranges of applications (Ma and Schaffer, 
2001). 
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In the past decade the dynamics of crop growth models has made substantial progress 
(Gerdes, 1993) and many crop models are available on the market. Many models exist for 
predicting how crops respond to climate, nutrients, water, light, and other conditions. One 
of the most widely used modeling systems across the world is the DSSAT model (Decision 
Support System for Agrotechnology Transfer). It was initially developed under the auspices 
of the International Benchmark Sites Network for Agrotechnology Transfer (Hoogenboom, 
2003). Currently, the DSSAT shell is able to incorporate models of 27 different crops, 
including several cereal grains, grain legumes, and root crops (Hoogenboom, 2003). The 
models are process-oriented and are designed to work independent of location, season, crop 
cultivar, and management system. The models simulate the effects of weather, soil water, 
genotype, and soil and crop N dynamics on crop growth and yield (Jones et al., 2003). The 
models predict daily plant growth based on daily weather data and soil, management and 
genetic information. Growth is computed based on light interception and the daily 
photosynthesis, which can be reduced by temperature, water and N stress. Carbohydrate 
fixed by photosynthesis is then partitioned to plant components based on crop growth 
stage, and stress. Thus, the model is able to integrate daily effects of temporal stress on 
growth and yield. Information that is entered into the system, to be combined with yield 
potential, will include known variables such as soil types, soil depths, N leaching properties, 
soil nutrient status, information on pests, disease and weed populations, etc. Information on 
weather records is a further valuable source of information. Political factors can be taken 
into account, such as available subsidies or current legislation governing maximum rates of 
N application. Consideration can also be given to environmental issues, and the farmer’s 
local knowledge and farm records may also be an essential input into the system. The 
farmer can test his preferred strategy, which could either be to increase the input (aiming at 
maximum yield) or to reduce inputs (aiming at reducing environmental pollution) to 
optimize gross margins. 
With the aid of a crop model, a more detailed analysis of the management decisions and the 
possible effects on final yield can be undertaken. It also should be acknowledged that 
uncertainty exists in the final yield estimate as a result of uncertainty in the input data and 
errors in the models. Chen et al. (1997) used first order uncertainty analysis to examine the 
effect of uncertainty in input data on the model outcome of a mechanistic decision support 
system. They reported large uncertainty, which was contributed mostly to the given 
variability in specific model parameters. Therefore, the model output has to be critically 
assessed, which is mostly done based on regressions. The most commonly used criterion of 
model performance is the coefficient of determination (R²), which is the ratio of the variance 
explained by the model to the total variance in the data. A number of authors have 
concluded that R² is not a good means of comparison between models representing yield 
response (Cerrato and Blackmer, 1990). A primary consideration for the unsuitability of R² is 
the fact that it gives no indication of how well a model performs when applied to data that 
were not used to create the model, as it does only provide information about the trend and 
does not provide information about the deviation of measured and simulated values. Over-
fitting of calibrations leading to poor performance of the model on test data is often the 
result. Based on these considerations, another used measure of model accuracy is the root 
mean square error (RMSE). A major advantage of using RMSE over R² for model evaluation 
is that RMSE provides information about both on the calibration data and on new data not 
used in developing the model to estimate the true predictive ability of the model 
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(Drummond et al., 2003). Cross-validation is another more robust, reliable method of 
measuring prediction accuracy (Stone, 1973) of crop models.  
Based upon the total information entered into the model, it will offer an agronomic 
recommendation on how to vary the inputs, change the management or optimize the overall 
gross margin. A crop growth model could therefore be used as a decision aid for 
determining different yields based on factors such as varying plant populations or nitrogen 
rates, which could help a farmer decide when to plant or replant areas within a field based 
on plant population data and risk factors for various soil types or how to manage nitrogen 
application rate and dates. It would give the farmer the analytical ability to identify 
relationships between different variables within the field and to find a best fit scenario on a 
high level of complexity. 
Furthermore, crop models offer the possibility to aggregate knowledge on and over 
different scales. Linking the models with a GIS offers a mechanism to integrate many scales 
of data developed in and for agricultural research. Data access and final management 
decision can be expanded to a decision support system, which uses a mix of process-
oriented models and biophysical data at different temporal and spatial scales (e.g. growing 
season, climate characteristics, soils). Thus, a need exists for an integrated GIS system which 
combines the different available information (e.g. soil map, yield, weather, management)  to 
allow agricultural producers as well as policy makers to know the impact of differences 
between input and output spatially from one place or region to another to improve 
management, productivity and profitability.  
3.1 Model applications 
Crop yield and occurring yield gaps and are two important criteria for sustainable land 
management. Considering various agro-environments, several factors clearly account for 
crop yield and occurring yield gaps. Analysis of yield gaps in crop production is facilitated 
by using the concept of production ecology where different sets of eco-physiological 
variables affecting crop growth and development are distinguished (Penning de Vries et al., 
1989). The approach recognizes three sets of factors affecting crop growth and development. 
Growth and yield determinants include mainly 1) crop genetics, 2) abiotic resources (water 
and nutrients, as well meteorological variables like temperature and solar radiation) which 
limit crop growth and development when their supply is suboptimal over different periods 
in the growing season, 3) biotic factors (pests, diseases, weeds). Hence, overall crop 
productivity is the result of growth and yield determining, limiting and reducing factors. 
Process-based crop models are increasingly being used in assessing these yield determining, 
limiting and reducing factors for a particular area or region with given agro-environmental 
conditions and are therefore a valuable tool to analyze occurring yield gaps.  
Process-based crop growth models are a promising tool to help identify relationships 
between yield-limiting factors, management and environment. Crop models such as the 
DSSAT or the APOLLO (Batchelor et al., 2004b) model can be used to identify spatial yield-
limiting factors (Batchelor et al., 2004b; Jones et al., 2003). Both models are based on the 
CROPGRO (Boote et al., 1998) and CERES (Ritchie et al., 1998) family of process-oriented 
crop models. Based on information about management (i.e. cultivar, planting, fertilization, 
plant protection, harvest) and environmental conditions (soil, weather), those process-
oriented crop growth models compute the daily rate of plant growth, resulting in an 
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estimation of final yield and plant biomass. Therefore those models simulate the daily 
interaction of plant growth, water, nitrogen, and pest stress on plant growth processes. 
Future sustainable land management requires information on yield trends not only over 
time but also over space, to assess whether yields are stable or increasing, or whether they 
are decreasing and thereby signaling possible failure in the future. Spatial yield variability is 
a complex interaction of many factors including water stress, rooting depth, soil and 
drainage properties, weather, pests, fertility, and management. Spatial yield variability can 
also be related to spatial variability in soil fertility (Finke and Goense, 1993), soil organic 
matter content (Kravchenko and Bullock, 2000), and pest attacks (Plant et al., 1999). The 
challenge for farmers is to identify the factors that they can control and manage, and make 
appropriate management decisions to increase profits. Research advancements in data 
collection have given farmers the tools and capabilities to effectively map their fields, record 
yield histories and vary inputs and management strategies in response to variations in soil 
and environmental factors in the field. Recently, process-oriented crop growth models such 
as CROPGRO-Soybean (Hoogenboom et al., 1994), CERES-Maize (Jones and Kiniry, 1986) 
and CERES-Wheat (Godwin et al., 1989) have been used to study causes of spatial yield 
variability. The results have shown that the models can accurately simulate corn and 
soybean spatial yield variability, taking into account yield-limiting factors such as water 
stress in soybeans (Paz et al., 1998), soybean cyst nematodes (Paz et al., 2001), water stress in 
corn (Fraisse et al., 1998) and interaction of corn population and water stress (Paz et al., 
1999). These studies also demonstrated that crop models can play an important role in 
understanding the causes of spatial yield variability. They can be used as a tool to explore 
hypotheses related to crop yield variability (Paz et al., 1998) and identify areas in the field, 
where problems due to varying growing conditions occur (Link et al., 2007). The spatial 
component of such a crop model is going to discretize a field studied in space and time into 
a finite number of regular cells and within those cells the model inputs are considered as 
uniform. With the appropriate computational hardware it is possible to discretize the 
modeled field into smaller and smaller grids in an effort to improve the quality of the model 
predictions. In theory, higher resolution modeling is expected to yield better predictions 
because of better resolved model inputs (e.g. soil texture, nutrients). The use of smaller grid 
sizes undeniably improves the appearance of simulation results, but the question raises how 
small can be to small to model as the potential benefits of higher resolution modeling have 
to be weighed against the increased demands on inputs. A separate issue might be the 
spatial coverage of data points and observations available to evaluate model performance. 
Observational data might not be sufficient to prove the benefits of higher resolution 
modeling and the model performance might get worse at smaller scales. It is therefore 
important to examine the relevant grid size for the model application on hand. The 
uncertainties in the underlying yield limiting parameters might not justify a high grid 
resolution. The aim of the following case study was to evaluate the reasons for spatial 
variability of corn yields using the APOLLO model to test its performance under German 
conditions, and to test it on various grid scales. 
3.2 Case study Germany - Procedure to evaluate corn (Zea mays L.) yields in the 
upper Rhine valley using a crop growth model 
Spatial yield variability is a result of complex interactions among different yield-limiting 
factors, such as soil properties, nutrient and water availability, rooting depth, pests and 
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matter content (Kravchenko and Bullock, 2000), and pest attacks (Plant et al., 1999). The 
challenge for farmers is to identify the factors that they can control and manage, and make 
appropriate management decisions to increase profits. Research advancements in data 
collection have given farmers the tools and capabilities to effectively map their fields, record 
yield histories and vary inputs and management strategies in response to variations in soil 
and environmental factors in the field. Recently, process-oriented crop growth models such 
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hypotheses related to crop yield variability (Paz et al., 1998) and identify areas in the field, 
where problems due to varying growing conditions occur (Link et al., 2007). The spatial 
component of such a crop model is going to discretize a field studied in space and time into 
a finite number of regular cells and within those cells the model inputs are considered as 
uniform. With the appropriate computational hardware it is possible to discretize the 
modeled field into smaller and smaller grids in an effort to improve the quality of the model 
predictions. In theory, higher resolution modeling is expected to yield better predictions 
because of better resolved model inputs (e.g. soil texture, nutrients). The use of smaller grid 
sizes undeniably improves the appearance of simulation results, but the question raises how 
small can be to small to model as the potential benefits of higher resolution modeling have 
to be weighed against the increased demands on inputs. A separate issue might be the 
spatial coverage of data points and observations available to evaluate model performance. 
Observational data might not be sufficient to prove the benefits of higher resolution 
modeling and the model performance might get worse at smaller scales. It is therefore 
important to examine the relevant grid size for the model application on hand. The 
uncertainties in the underlying yield limiting parameters might not justify a high grid 
resolution. The aim of the following case study was to evaluate the reasons for spatial 
variability of corn yields using the APOLLO model to test its performance under German 
conditions, and to test it on various grid scales. 
3.2 Case study Germany - Procedure to evaluate corn (Zea mays L.) yields in the 
upper Rhine valley using a crop growth model 
Spatial yield variability is a result of complex interactions among different yield-limiting 
factors, such as soil properties, nutrient and water availability, rooting depth, pests and 
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management. In order to manage spatial yield variability within a field, yield-limiting 
factors must be identified and understood. Initial efforts to study yield variability have 
focused on taking static measurements of soil, management, or plant properties and 
regressing these values against grid level yields (Sudduth et al., 1996). Classical statistics 
based on ordinary least squares have frequently been used to explore functional 
relationships between crop productivity and controlling factors (Long, 1998). Tomer and 
Anderson (1995) used linear regression to predict spatial patterns in yield based on soil 
fertility. However, it is difficult to represent the temporal effects of time dependent 
interactive stresses (i.e. water stress) on crop growth and yield using classical statistical 
techniques. 
Characterization of yield variability requires the analysis of both spatial and temporal 
behavior of soil, weather, management and environmental factors. Thus, extending the use 
of crop models to examine within-field spatial yield variability is an intriguing challenge. In 
few studies, the APOLLO model was used to analyze causes of spatial yield variability in 
soybean (Batchelor et al., 2004b). The APOLLO model is a precision agriculture decision 
support system designed to use the CROPGRO-Soybean and CERES-Maize models to 
analyze causes of yield variability and to estimate the economic and environmental 
consequences of prescriptions (Batchelor et al., 2004a). Techniques in APOLLO have never 
been tested outside of the United States. To date, the APOLLO model has only been used in 
large fields with grid sizes ranging from 0.055 – 0.2 ha. 
The overall goal of this work was to use the APOLLO model to study the spatial yield 
variability of three fields in the upper Rhine Valley (Germany) and to determine if crop 
model calibration techniques developed in the United States could be transferred to small 
fields in Germany. The specific objectives of this study were (i) to develop and test different 
calibration strategies to minimize the error between simulated and measured spatial corn 
yield, and (ii) to evaluate the impact of grid size on the error of simulated spatial yield 
variability. 
3.2.1 Site, treatments and yield monitoring 
The study was conducted as an on-farm study from 1998 through the 2002 growing season 
on three fields (I1, I2, I3) in the Upper Rhine Valley near Weisweil (48° 19’ N, 7° 67’ E), 
northwest of Freiburg, Germany. The mean annual precipitation in this area is 910 mm, the 
mean temperature is about 9.5° C and the sum of the yearly solar radiation averages about 
11390 kJ m-2. The major soil type is a silty loam. The aggregated size of the three fields was 
approximately 5.5 ha in total. Corn was grown each year from April – October during the 
years 1998 – 2002 in all three fields, with exception of field I1, where wheat was grown in 
1999. The corn cultivars varied for each field and year (Table 1).  
Each field was managed uniformly using the producer’s current management practices. At 
sowing, a starter fertilizer of Ø 31 kg N ha-1 was applied uniformly as KAS (13 % NH4-N,  
13 % NO3-N) to all fields in all 5 years. In the years 2000-2002 around the 4th leaf stage soil 
samples at a depth of 0 – 30, 30 – 60 and 60 – 90 cm were taken at 30 data collection points, 
which were set up at a distance of 40 x 40 m, and analyzed for soil available nitrogen. Table 
2 shows the values of soil available nitrogen (kg N ha-1) in the upper 90 cm of the soil layer 
around the 4th leaf stage. Urea (46 % N) was applied uniformly to each field based on the 
results of soil available nitrogen around the 4th leaf stage. Rates varied for each field and 
year, and ranged from 44 – 120 kg N ha-1, to give an average of 250 kg N ha-1 in each field. In 
2001 swine manure was applied in field I2, which provided an additional 40 kg N ha-1 in this 
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field. No other field received swine manure. Herbicides and pesticides were applied as 
needed to control pests. After harvest in September or October, the corn residue was left on 
the surface of each field. 
 
Field  1998 1999 2000 2001 2002 

































* in 1999 on field I1 wheat was grown 
Table 1. Cultivars planted on field I1, I2, I3 during the 5-yr period (1998-2002). K indicates 
the maturity classification based on BSA (1998).  
Geo-referenced corn grain yield data were collected over the 5-year period using a 
differentially corrected global positioning system and a yield monitor mounted on a 
combine harvester (Lexion, Claas, Harsewinkel, Germany). Corn grain yield and corn grain 
moisture content were measured every 5 seconds (10-m distance), resulting in about 200 
yield monitor data points per hectare. Erroneous yield monitor data with missing values for 
yield or grain moisture content, or yield values greater than 15000 kg ha-1 were excluded 
from the yield monitoring dataset. In this paper, yield was calculated as corn grain yield at  
0 % moisture content. 
Yield monitor data were studied in four different scenarios (case A – D) to evaluate the 
impact of grid size on the accuracy of simulated spatial yield variability. A grid network 
was established using grid sizes defined for case A (grids of 10.5 x 10.5 m = 0.011 ha), case B 
(grids of 16.5 x 16.5 m = 0.027 ha) and case C (grids of 22.5 or 30.5 x 50.5 m =  0.114 or 0.154 
ha). In case C two different grid sizes were used to better match the field boundaries. The 
smaller grids (22.5 x 50.5 m) were placed in the turning rows, and the larger grids (30.5 x 
50.5 m) were placed in the middle of the field. The grids were overlaid onto yield maps and 
the average yield for each grid was computed using a software tool, developed and 
described by Thorp et al. (2004). Each grid contained at least three yield monitor points. 
Case D used the same grid configuration as in case C. In addition measured soil available 
nitrogen in the upper soil layers (0 – 30, 30 – 60 and 60 – 90 cm) around the 4th leaf stage in 
the years 2001 and 2002 (Table 2) was used to adjust model state variables on the 
measurement date during the simulation run. 
 
Field  2000 2001 2002 
I1 Mean 106 59 118 
 Range  24-139 92-185 
I2 Mean 45 98 176 
 Range  25-359 119-230 
I3 Mean 53 49 87 
 Range  18-63 73-107 
Table 2. Cumulative soil available nitrogen (kg N ha-1) in the upper soil layer (0 – 90 cm) 
around 4th leaf stage; average for all data collection points in field I1, I2 and I3. 
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3.2.2 Apollo (application of precision agriculture for field management optimization) 
APOLLO  was developed to assist users in evaluating causes of spatial yield variability and 
to develop optimum prescriptions for nitrogen, water and seeding management (Batchelor 
et al., 2004a). It has modules to assist the user in 1) calibrating spatial soil inputs to minimize 
error between simulated and measured yield, 2) validating the calibrated model for 
independent seasons, and 3) developing management prescriptions. Management, soil, 
weather and cultivar information are required as input files to run the model. The 
management file (*.mzx) contains model inputs including weather file name, soil 
composition, initial soil water, nitrate, and ammonia content, planting date, row spacing, 
and residue amount. The soil profile characteristics for each grid are stored in the soil input 
file (*.sol). This file contains information such as bulk density, saturated hydraulic 
conductivity, upper and lower drained limit and root growth factor. Daily weather data, 
including daily maximum and minimum temperature, rainfall and solar radiation were 
stored in the weather file (*.wth). All weather data were obtained at the nearest German 
Weather Service station located at Emmendingen-Mundingen and Freiburg, which are 
about 16 and 25 km from the trial site, respectively. The cultivar file (*.cul) contains cultivar 
coefficient, which give information about the rate of development and the required growing 
degree days (GDDs) for each genotype. Yield data for each grid in the field were stored in a 
separate yield file over the 5 year period (*.mza). 
Data about soil properties available are often mean values over the whole field (or even 
bigger areas) and thus do not take the existing variability into account.  However, when 
trying to simulate spatial yield variability at small spatial scales, it is necessary to adjust soil 
properties over their expected range in order to more accurately reflect spatial soil 
properties within the field. APOLLO allows the user to adjust up to 10 soil parameters 
(Table 3) for each grid. The user can test if one or a combination of these soil parameters 
may help explain the spatial yield variability. When a user selects the parameters to adjust, 
APOLLO uses a simulated annealing optimization algorithm to estimate the parameter 
values that minimize the root mean square error (RMSE) between simulated and measured 
yield over selected years in each grid selected by the user. Calibration of the APOLLO 
model results in a unique set of soil properties for each grid. 
 
 Parameters Unit Minimum Maximum Initial 
1 CN SCS curve number  40 90 70 
2 DR Drainage rate fraction day-1 0.1 0.5 0.4 
3 ETDR Effective tile drainage rate 1 day-1 0.01 0.25 0.05 
4 SHC Saturated hydraulic conductivity of deepimpermeable layer cm day
-1 0.001 2 0.01 
5 HPF Hardpan factor 0.0 - 1.0 0.01 1.0 0.5 
6 DHP Depth to the hard pan cm 5 150 30 
7 RDRF Root distribution reduction factor  -0.1 -0.001 -0.05 
8 NMF Nitrogen mineralization factor 0.0 - 1.0 0.1 1.0 0.8 
9 SFF Soil fertility factor 0.0 - 1.0 0.7 1.0 0.99 
10 ASW (adjust) Available soil water % -20 20 0 
 
Table 3. Soil parameters available for calibration in the APOLLO model. 
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In this study several genetic coefficients were adjusted to set the maximum yield of different 
cultivars. In the next step APOLLO was used to compute soil inputs to minimize error 
between simulated and measured yield for each grid size scenario (case A, B and C) and for 
the scenario, where measured soil available nitrogen (kg N ha-1) at 4th leaf stage was used to 
adjust simulated soil available nitrogen in the model database (case D). 
Two calibration strategies were applied to the data set:  
• soil parameters were calibrated one at a time to determine which parameter appeared 
to have the greatest power to explain spatial yield variability. 
• combinations of soil parameters identified before were calibrated to determine if 
combinations of soil parameters improved the simulation of spatial yield variability. 
These calibration strategies were applied to different scenarios, and the effects of grid 
resolution on model accuracy were examined. The accuracy of the model was evaluated by 
the correlation coefficient R between simulated and measured yields and RMSE. 
3.2.3 Calibration strategies 
The results of model calibration using single soil parameters showed that the adjustment of 
single soil parameters resulted in a good fit between simulated and measured yield. The 
calibration of the five soil properties (HPF + DHP, RDRF, NMF, SFF and ASW) reduced 
RMSE between simulated and measured yield compared to the default values, and thus, 
partially explained spatial yield variability (Table 4). However, the adjustment of soil 
parameters SCS CN, DR, ETDR + SHC (described in Table 3) did not significantly reduce  
 
Parameters 
 HPF + DHP RDRF NMF SFF ASW 
Scale R RMSE (kg ha-1) R 
RMSE
(kg ha-1) R 
RMSE 
(kg ha-1) R 
RMSE 
(kg ha-1) R 
RMSE 
(kg ha-1) 
Field I1           
Case A 0.47 1441 0.40 1852 0.42 1821 0.46 1483 0.43 1484 
Case B 0.83 848 0.75 1328 0.81 1183 0.90 742 0.81 949 
Case C 0.88 738 0.76 1304 0.81 1189 0.92 656 0.82 919 
Case D 0.96 514 0.96 539 0.96 531 0.95 569 0.96 541 
Field I2           
Case A 0.55 1308 0.30 1312 0.05 1514 0.21 1109 0.09 1275 
Case B 0.77 1062 0.52 1177 0.14 1476 0.36 1062 0.21 1251 
Case C 0.80 1020 0.50 1182 0.08 1516 0.34 1055 0.18 1258 
Case D 0.74 993 0.54 930 -0.04 1009 0.33 1005 0.17 923 
Field I3           
Case A 0.27 1058 0.18 963 -0.14 459 -0.05 1073 -0.22 781 
Case B 0.70 884 0.54 823 -0.02 434 0.18 1070 -0.06 802 
Case C 0.81 672 0.43 892 -0.33 421 -0.03 1056 -0.31 764 
Case D 0.83 922 0.66 1198 0.51 841 0.31 1115 0.25 1033 
Table 4. Correlation coefficient R and RMSE for simulated and measured yield after model 
calibration (2000 iterations) of field I1, I2 and I3 using multiple years of corn yield data and 
single soil parameters (5-10). Yield was calculated in dependency of the grids in case A (10.5 
x 10.5 m grid size), case B (16.5 x 16.5 m grid size), case C (22.5 or 30.5 x 50.5 m grid size) and 
case D (22.5 or 30.5 x 50.5 m grid size). R >0.50 is written in bold letters. 
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3.2.2 Apollo (application of precision agriculture for field management optimization) 
APOLLO  was developed to assist users in evaluating causes of spatial yield variability and 
to develop optimum prescriptions for nitrogen, water and seeding management (Batchelor 
et al., 2004a). It has modules to assist the user in 1) calibrating spatial soil inputs to minimize 
error between simulated and measured yield, 2) validating the calibrated model for 
independent seasons, and 3) developing management prescriptions. Management, soil, 
weather and cultivar information are required as input files to run the model. The 
management file (*.mzx) contains model inputs including weather file name, soil 
composition, initial soil water, nitrate, and ammonia content, planting date, row spacing, 
and residue amount. The soil profile characteristics for each grid are stored in the soil input 
file (*.sol). This file contains information such as bulk density, saturated hydraulic 
conductivity, upper and lower drained limit and root growth factor. Daily weather data, 
including daily maximum and minimum temperature, rainfall and solar radiation were 
stored in the weather file (*.wth). All weather data were obtained at the nearest German 
Weather Service station located at Emmendingen-Mundingen and Freiburg, which are 
about 16 and 25 km from the trial site, respectively. The cultivar file (*.cul) contains cultivar 
coefficient, which give information about the rate of development and the required growing 
degree days (GDDs) for each genotype. Yield data for each grid in the field were stored in a 
separate yield file over the 5 year period (*.mza). 
Data about soil properties available are often mean values over the whole field (or even 
bigger areas) and thus do not take the existing variability into account.  However, when 
trying to simulate spatial yield variability at small spatial scales, it is necessary to adjust soil 
properties over their expected range in order to more accurately reflect spatial soil 
properties within the field. APOLLO allows the user to adjust up to 10 soil parameters 
(Table 3) for each grid. The user can test if one or a combination of these soil parameters 
may help explain the spatial yield variability. When a user selects the parameters to adjust, 
APOLLO uses a simulated annealing optimization algorithm to estimate the parameter 
values that minimize the root mean square error (RMSE) between simulated and measured 
yield over selected years in each grid selected by the user. Calibration of the APOLLO 
model results in a unique set of soil properties for each grid. 
 
 Parameters Unit Minimum Maximum Initial 
1 CN SCS curve number  40 90 70 
2 DR Drainage rate fraction day-1 0.1 0.5 0.4 
3 ETDR Effective tile drainage rate 1 day-1 0.01 0.25 0.05 
4 SHC Saturated hydraulic conductivity of deepimpermeable layer cm day
-1 0.001 2 0.01 
5 HPF Hardpan factor 0.0 - 1.0 0.01 1.0 0.5 
6 DHP Depth to the hard pan cm 5 150 30 
7 RDRF Root distribution reduction factor  -0.1 -0.001 -0.05 
8 NMF Nitrogen mineralization factor 0.0 - 1.0 0.1 1.0 0.8 
9 SFF Soil fertility factor 0.0 - 1.0 0.7 1.0 0.99 
10 ASW (adjust) Available soil water % -20 20 0 
 
Table 3. Soil parameters available for calibration in the APOLLO model. 
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In this study several genetic coefficients were adjusted to set the maximum yield of different 
cultivars. In the next step APOLLO was used to compute soil inputs to minimize error 
between simulated and measured yield for each grid size scenario (case A, B and C) and for 
the scenario, where measured soil available nitrogen (kg N ha-1) at 4th leaf stage was used to 
adjust simulated soil available nitrogen in the model database (case D). 
Two calibration strategies were applied to the data set:  
• soil parameters were calibrated one at a time to determine which parameter appeared 
to have the greatest power to explain spatial yield variability. 
• combinations of soil parameters identified before were calibrated to determine if 
combinations of soil parameters improved the simulation of spatial yield variability. 
These calibration strategies were applied to different scenarios, and the effects of grid 
resolution on model accuracy were examined. The accuracy of the model was evaluated by 
the correlation coefficient R between simulated and measured yields and RMSE. 
3.2.3 Calibration strategies 
The results of model calibration using single soil parameters showed that the adjustment of 
single soil parameters resulted in a good fit between simulated and measured yield. The 
calibration of the five soil properties (HPF + DHP, RDRF, NMF, SFF and ASW) reduced 
RMSE between simulated and measured yield compared to the default values, and thus, 
partially explained spatial yield variability (Table 4). However, the adjustment of soil 
parameters SCS CN, DR, ETDR + SHC (described in Table 3) did not significantly reduce  
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 HPF + DHP RDRF NMF SFF ASW 
Scale R RMSE (kg ha-1) R 
RMSE
(kg ha-1) R 
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(kg ha-1) R 
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(kg ha-1) R 
RMSE 
(kg ha-1) 
Field I1           
Case A 0.47 1441 0.40 1852 0.42 1821 0.46 1483 0.43 1484 
Case B 0.83 848 0.75 1328 0.81 1183 0.90 742 0.81 949 
Case C 0.88 738 0.76 1304 0.81 1189 0.92 656 0.82 919 
Case D 0.96 514 0.96 539 0.96 531 0.95 569 0.96 541 
Field I2           
Case A 0.55 1308 0.30 1312 0.05 1514 0.21 1109 0.09 1275 
Case B 0.77 1062 0.52 1177 0.14 1476 0.36 1062 0.21 1251 
Case C 0.80 1020 0.50 1182 0.08 1516 0.34 1055 0.18 1258 
Case D 0.74 993 0.54 930 -0.04 1009 0.33 1005 0.17 923 
Field I3           
Case A 0.27 1058 0.18 963 -0.14 459 -0.05 1073 -0.22 781 
Case B 0.70 884 0.54 823 -0.02 434 0.18 1070 -0.06 802 
Case C 0.81 672 0.43 892 -0.33 421 -0.03 1056 -0.31 764 
Case D 0.83 922 0.66 1198 0.51 841 0.31 1115 0.25 1033 
Table 4. Correlation coefficient R and RMSE for simulated and measured yield after model 
calibration (2000 iterations) of field I1, I2 and I3 using multiple years of corn yield data and 
single soil parameters (5-10). Yield was calculated in dependency of the grids in case A (10.5 
x 10.5 m grid size), case B (16.5 x 16.5 m grid size), case C (22.5 or 30.5 x 50.5 m grid size) and 
case D (22.5 or 30.5 x 50.5 m grid size). R >0.50 is written in bold letters. 
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error between simulated and measured yield and thus, did not explain spatial yield 
variability. Thus, not all soil parameters available for calibration by APOLLO contributed to 
explaining the given spatial yield variability. Table 4 shows the correlation coefficient R and 
RMSE for simulated and measured yields after model calibration using single soil 
parameters HPF + DHP, RDRF, NMF, SFF and ASW for the four scenarios (cases A – D). 
Based on these results HDF+DHP seem to have the greatest effect on within field variability 
in these fields. 
In the next step combinations of parameters found in the previous calibration strategy that 
appeared to partially explain spatial yield variability. Based on the previous results of 
calibrating single soil parameters, the parameters HPF + DHP, RDRF, NMF, SFF and ASW 
were selected for further model calibration and applied to the different scenarios (case A – 
D). Table 5 shows the correlation coefficient R and RMSE for simulated and measured yield 
after model calibration of field I1, I2 and I3 using multiple soil parameters. 
 
Parameters 
 HPF + DHP + ASW 
HPF + DHP + 
RDRF + NMF + 
SFF 
HPF + DHP + 
RDRF + SFF + ASW
HPF + DHP + RDRF 
+ NMF + SFF + ASW 
Scale R RMSE (kg ha-1) R 
RMSE 
(kg ha-1) R 
RMSE 
(kg ha-1) R 
RMSE 
(kg ha-1) 
Field I1         
Case A 0.49 1318 0.59 1219 0.52 1330 0.62 1215 
Case B 0.86 728 0.94 484 0.93 547 0.95 463 
Case C 0.88 622 0.96 407 0.95 440 0.96 430 
Case D 0.97 479 0.97 427 0.97 445 0.97 432 
Field I2         
Case A 0.66 1154 0.60 1254 0.64 1142 0.66 1191 
Case B 0.80 958 0.84 958 0.84 966 0.86 875 
Case C 0.81 938 0.83 943 0.87 763 0.88 719 
Case D 0.80 949 0.82 854 0.84 819 0.86 756 
Field I3         
Case A 0.29 1035 0.32 978 0.34 951 0.35 957 
Case B 0.82 672 0.80 704 0.82 674 0.75 718 
Case C 0.82 667 0.83 667 0.85 590 0.82 657 
Case D 0.86 859 0.86 757 0.86 809 0.88 696 
Table 5. Correlation coefficient R and RMSE for simulated and measured yield after model 
calibration (2000 iterations) of field I1, I2 and I3 using multiple years of corn yield data and 
multiple soil parameters (5-10). Yield was calculated in dependency of the grids in case A 
(10.5 x 10.5 m grid size), case B (16.5 x 16.5 m grid size), case C (22.5 or 30.5 x 50.5 m grid 
size) and case D (22.5 or 30.5 x 50.5 m grid size). R >0.75 is written in bold letters. 
Overall, the model explained the spatial yield variability in all grids over five years very 
well, when calibration was done using multiple soil parameters. In all three fields, slightly 
different combinations of soil parameters led to the best calibration of the model. The 
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highest accuracy of the model was achieved in field I1 using yield values of case D and a 
combination of the soil parameters HPF + HPD + RDRF + NMF + SFF. These soil 
parameters explained about 94 % of the spatial yield variability in field I1 (Figure 1a). In 
field I2 a combination of the soil parameters HPF + HPD + RDRF + NMF + SFF + ASW 
explained about 77 % of the spatial yield variability (Figure 1b), when yield values of case C 
were used for the calibration process. However, in field I3 a combination of the soil 
parameters HPF + HPD + NMF + SFF + ASW explained about 77 % of the spatial yield 
variability, calculated by yield values of case D (Figure 1c). These results implied that the 
spatial yield variability was mostly influenced by six soil parameters. The soil parameters 





Fig. 1.a-c. Simulated vs. measured corn yields (kg ha-1) in field I1 (A), I2 (B), I3 (C) in the 
years 1998 – 2002. The simulation is based on the calibration of multiple soil parameters 
leading to yield variability.  
Although a strong influence of available soil parameters could be determined, the best 
simulation of yield was achieved for the soil parameters HPF + DHP. In all three fields good 
correlations between simulated and measured yields were determined, when these 
parameters were used for model calibration. These results implied that HPF + DHP were the 
parameters with the biggest impact in explaining spatial yield variability. Hardpan is 
described as a factor that is mainly induced by management practices. The effect of soil 
compaction after tillage is described in the literature (Lindstrom and Voorhees, 1994; Lipiec 
and Simonta, 1994). Due to continuous cultivation of corn at all three fields over the 5-year 
period, it is highly possible that the hardpan was strongly manifested in all fields. As a 
result of a hardpan in the field, root distribution could be affected and led to spatial yield 
variability, as also assumed in studies of Arvidsson and Håkansson (1996). RDRF explained 
much of the spatial yield variability especially in field I2 and I3. In model simulations where 
RDRF was considered, high correlation coefficients were achieved in all three fields, 
indicating a strong influence of RDRF factor on yield. In addition, soil fertility seemed to 
have an influence on the spatial yield variability, especially in field I1. ASW might be 
spatially different due to a probably inhomogeneous flint layers in the deeper soil, which 
affects the water supply in the field. 
3.2.4 Effect of grid size 
In this study grid size had a strong influence on the results of the model calibration. In 
general, smaller grids (case A) resulted in weak correlations between simulated and 
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error between simulated and measured yield and thus, did not explain spatial yield 
variability. Thus, not all soil parameters available for calibration by APOLLO contributed to 
explaining the given spatial yield variability. Table 4 shows the correlation coefficient R and 
RMSE for simulated and measured yields after model calibration using single soil 
parameters HPF + DHP, RDRF, NMF, SFF and ASW for the four scenarios (cases A – D). 
Based on these results HDF+DHP seem to have the greatest effect on within field variability 
in these fields. 
In the next step combinations of parameters found in the previous calibration strategy that 
appeared to partially explain spatial yield variability. Based on the previous results of 
calibrating single soil parameters, the parameters HPF + DHP, RDRF, NMF, SFF and ASW 
were selected for further model calibration and applied to the different scenarios (case A – 
D). Table 5 shows the correlation coefficient R and RMSE for simulated and measured yield 
after model calibration of field I1, I2 and I3 using multiple soil parameters. 
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HPF + DHP + 
RDRF + NMF + 
SFF 
HPF + DHP + 
RDRF + SFF + ASW
HPF + DHP + RDRF 
+ NMF + SFF + ASW 
Scale R RMSE (kg ha-1) R 
RMSE 
(kg ha-1) R 
RMSE 
(kg ha-1) R 
RMSE 
(kg ha-1) 
Field I1         
Case A 0.49 1318 0.59 1219 0.52 1330 0.62 1215 
Case B 0.86 728 0.94 484 0.93 547 0.95 463 
Case C 0.88 622 0.96 407 0.95 440 0.96 430 
Case D 0.97 479 0.97 427 0.97 445 0.97 432 
Field I2         
Case A 0.66 1154 0.60 1254 0.64 1142 0.66 1191 
Case B 0.80 958 0.84 958 0.84 966 0.86 875 
Case C 0.81 938 0.83 943 0.87 763 0.88 719 
Case D 0.80 949 0.82 854 0.84 819 0.86 756 
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Case A 0.29 1035 0.32 978 0.34 951 0.35 957 
Case B 0.82 672 0.80 704 0.82 674 0.75 718 
Case C 0.82 667 0.83 667 0.85 590 0.82 657 
Case D 0.86 859 0.86 757 0.86 809 0.88 696 
Table 5. Correlation coefficient R and RMSE for simulated and measured yield after model 
calibration (2000 iterations) of field I1, I2 and I3 using multiple years of corn yield data and 
multiple soil parameters (5-10). Yield was calculated in dependency of the grids in case A 
(10.5 x 10.5 m grid size), case B (16.5 x 16.5 m grid size), case C (22.5 or 30.5 x 50.5 m grid 
size) and case D (22.5 or 30.5 x 50.5 m grid size). R >0.75 is written in bold letters. 
Overall, the model explained the spatial yield variability in all grids over five years very 
well, when calibration was done using multiple soil parameters. In all three fields, slightly 
different combinations of soil parameters led to the best calibration of the model. The 
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highest accuracy of the model was achieved in field I1 using yield values of case D and a 
combination of the soil parameters HPF + HPD + RDRF + NMF + SFF. These soil 
parameters explained about 94 % of the spatial yield variability in field I1 (Figure 1a). In 
field I2 a combination of the soil parameters HPF + HPD + RDRF + NMF + SFF + ASW 
explained about 77 % of the spatial yield variability (Figure 1b), when yield values of case C 
were used for the calibration process. However, in field I3 a combination of the soil 
parameters HPF + HPD + NMF + SFF + ASW explained about 77 % of the spatial yield 
variability, calculated by yield values of case D (Figure 1c). These results implied that the 
spatial yield variability was mostly influenced by six soil parameters. The soil parameters 





Fig. 1.a-c. Simulated vs. measured corn yields (kg ha-1) in field I1 (A), I2 (B), I3 (C) in the 
years 1998 – 2002. The simulation is based on the calibration of multiple soil parameters 
leading to yield variability.  
Although a strong influence of available soil parameters could be determined, the best 
simulation of yield was achieved for the soil parameters HPF + DHP. In all three fields good 
correlations between simulated and measured yields were determined, when these 
parameters were used for model calibration. These results implied that HPF + DHP were the 
parameters with the biggest impact in explaining spatial yield variability. Hardpan is 
described as a factor that is mainly induced by management practices. The effect of soil 
compaction after tillage is described in the literature (Lindstrom and Voorhees, 1994; Lipiec 
and Simonta, 1994). Due to continuous cultivation of corn at all three fields over the 5-year 
period, it is highly possible that the hardpan was strongly manifested in all fields. As a 
result of a hardpan in the field, root distribution could be affected and led to spatial yield 
variability, as also assumed in studies of Arvidsson and Håkansson (1996). RDRF explained 
much of the spatial yield variability especially in field I2 and I3. In model simulations where 
RDRF was considered, high correlation coefficients were achieved in all three fields, 
indicating a strong influence of RDRF factor on yield. In addition, soil fertility seemed to 
have an influence on the spatial yield variability, especially in field I1. ASW might be 
spatially different due to a probably inhomogeneous flint layers in the deeper soil, which 
affects the water supply in the field. 
3.2.4 Effect of grid size 
In this study grid size had a strong influence on the results of the model calibration. In 
general, smaller grids (case A) resulted in weak correlations between simulated and 
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measured yields (Table 4 and 5). In general, the model gave more accurate simulated yields 
for larger grids, suggesting that the applied calibration process may be more effective under 
large grid sizes. A slight improvement of the model accuracy was found when additional 
information on soil available nitrogen around the 4th leaf stage was imposed on the 
calibration process.  
The larger grid sizes contained more yield monitor data points and thus, averaged over 
some of the spatial yield variation that occurred between two sequential yield monitor data 
points. Thus, the larger grid sizes averaged yield variability within the grid and thus were 
less acceptable for outlier, which was similar to results of Ping and Dobermann (2003). To 
work with spatial data sets in crop models, there appears to be a trade-off between 
maintaining spatial precision by selecting a small grid size and reducing noise in yield 
monitor data by selecting a larger grid size (Wong, 1995; Long, 1998). Combining area units 
into successively larger units, an agronomist will need to consider the scale at which the 
spatial variability of site-specific yield data has to be analyzed (Long, 1998). Considering the 
underlying soil factors, which had either a high range of variability or continuity, the model 
accuracy was improved by choosing larger grid sizes that captured the spatial variability 
and stability within different sites. 
3.2.5 Evaluation of model performance 
In general the APOLLO model preformed well in simulating yield of the three fields in the 
Upper Rhine Valley over the 5-year period. Among the yield limiting factors that were 
examined in this study, hardpan seemed to have a big impact on yield variability. However, 
one cannot discount the effect of other factors or interactions such as rooting depth, water 
availability etc. Nevertheless, the technique presented in this study demonstrates the value 
of using a crop growth model in quantifying individual as well as combined effects of 
factors leading to spatial yield variability. However, there is a need to further test and 
validate the model outputs by verifying the yield limiting factors through direct field 
measurements. 
The case study has shown that yield variability may be explained by a combination of 
varying soil factors. The implemented crop models have proven to be useful tools to 
evaluate these complex interactions and to provide insight into causes of yield variability. 
However, the results of model calibration were affected by the grid size used for calibration. 
The model gave more accurate simulated yields for larger grids, suggesting that the applied 
calibration process may be more effective under large grid sizes. 
Overall the ideal grid size for the calibration process seems to be determined by the 
underlying factors leading to spatial yield variability. Further research is needed to 
determine a suitable approach for the assessment of ideal grid sizes in model calibration and 
resulting grid resolution that captures enough information to represent spatial yield 
variability and temporal stability at a scale appropriate to finally optimize crop management 
and reduce yield gaps.  
3.3 Case study China - model based analysis of a winter wheat - summer maize 
double cropping system in the North China Plain  
Besides the prediction of crop yields and the analysis of yield gaps, there has been a 
substantial amount of crop model applications to improve crop management strategies like 
nitrogen (N) fertilization and irrigation. Especially in those crop production systems, where 
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water resources are limited and risk of groundwater contamination with nitrate is high, it is 
important to optimize irrigation and fertilization use efficiencies via use of sound water and 
nitrogen management practices. However, development and validation of guidelines for 
optimal timing and water and nitrogen requirements requires extensive and expensive field 
experiments. Since it is impossible to test all the interactions between the amount of water 
and nitrogen during the seasons, use of simulation models can greatly facilitate the 
evaluation of different production practices and/or environments and thereby streamline 
the decision-making process. 
This case study outlines the use of the CERES-Wheat and CERES-Maize models, both 
implemented in DSSAT V.4.0 (Jones et al., 2003), to evaluate a double cropping system of 
winter wheat and summer maize under different fertilizer and irrigation input scenarios 
regarding water consumption, grain yield and gross margin. The models were calibrated 
and validated using data derived from a field experiment conducted in Dongbeiwang, near 
Beijing, China.  
One of the most important regions of agricultural production in China is the North China 
Plain (NCP) (Kendy et al., 2003). Considering China´s total grain yield, the NCP contributes 
approximately 41% of wheat and 25% of maize grain yield (Länderbericht China, 2000). The 
NCP, also known as the Huang-Huai-Hai Plain, is located in the north of the eastern part of 
China between 32° and 40° N latitude and 100° and 120° E longitude (Liu et al., 2001). 
Winter wheat (Triticum aestivum L.) and summer maize (Zea mays L.) are currently the two 
main crops combined in a single-year rotation also referred to as a double cropping system 
(Zhao et al., 2006). Winter wheat is sown at the beginning of October and harvested in mid 
June. Summer maize is sown immediately following winter wheat harvest and is harvested 
at beginning of October.  
The climate in the NCP is warm-temperate with cold winter and hot summer. Precipitation 
shows a high spatial and temporal variability (Wu et al., 2006) and ranges from about 500 
mm in the north to 800 mm in the south (Liu et al., 2001). About 50 to 75% of the total 
precipitation occurs from July to September during the summer monsoon. Depending on 
the seasonal precipitation situation, farmers usually irrigate winter wheat four to five times 
(Hu et al., 2006). In consequence, the irrigation water for wheat production comprises about 
80% of the whole agricultural water consumption (Li, 1993).  
Extensive use of fertilizer is also very common in the winter wheat-summer maize double 
cropping system. In Beijing area, for example, the average N application rates ranged 
around 309 kg N ha-1 for winter wheat and 256 kg N ha-1 for maize (Zhao et al., 1997). 
Besides the positive effects on yield, an increasing input of water and fertilizer is connected 
with increasing costs for the farmers and leads to environmental problems such as leaching 
or water scarcity. Therefore better management practices balancing both economic and 
environmental interests are required.  
Numerous agricultural experiments were carried out to test the effects of different 
management strategies on grain yield and overall sustainability. However field experiments 
have their limitations as they are conducted at particular points in time and space. Besides, 
field experiments are time consuming, laborious and expensive (Jones et al., 2003) and 
therefore limited in extent and size. A viable alternative to these problems is to use crop 
models. Models can be applied as a valuable tool to propose better adapted crop 
management strategies and to test the hypothetical consequences of varying management 
practices (e.g. Saseendran et al., 2005). Furthermore, models can be used to optimize 
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measured yields (Table 4 and 5). In general, the model gave more accurate simulated yields 
for larger grids, suggesting that the applied calibration process may be more effective under 
large grid sizes. A slight improvement of the model accuracy was found when additional 
information on soil available nitrogen around the 4th leaf stage was imposed on the 
calibration process.  
The larger grid sizes contained more yield monitor data points and thus, averaged over 
some of the spatial yield variation that occurred between two sequential yield monitor data 
points. Thus, the larger grid sizes averaged yield variability within the grid and thus were 
less acceptable for outlier, which was similar to results of Ping and Dobermann (2003). To 
work with spatial data sets in crop models, there appears to be a trade-off between 
maintaining spatial precision by selecting a small grid size and reducing noise in yield 
monitor data by selecting a larger grid size (Wong, 1995; Long, 1998). Combining area units 
into successively larger units, an agronomist will need to consider the scale at which the 
spatial variability of site-specific yield data has to be analyzed (Long, 1998). Considering the 
underlying soil factors, which had either a high range of variability or continuity, the model 
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water resources are limited and risk of groundwater contamination with nitrate is high, it is 
important to optimize irrigation and fertilization use efficiencies via use of sound water and 
nitrogen management practices. However, development and validation of guidelines for 
optimal timing and water and nitrogen requirements requires extensive and expensive field 
experiments. Since it is impossible to test all the interactions between the amount of water 
and nitrogen during the seasons, use of simulation models can greatly facilitate the 
evaluation of different production practices and/or environments and thereby streamline 
the decision-making process. 
This case study outlines the use of the CERES-Wheat and CERES-Maize models, both 
implemented in DSSAT V.4.0 (Jones et al., 2003), to evaluate a double cropping system of 
winter wheat and summer maize under different fertilizer and irrigation input scenarios 
regarding water consumption, grain yield and gross margin. The models were calibrated 
and validated using data derived from a field experiment conducted in Dongbeiwang, near 
Beijing, China.  
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Plain (NCP) (Kendy et al., 2003). Considering China´s total grain yield, the NCP contributes 
approximately 41% of wheat and 25% of maize grain yield (Länderbericht China, 2000). The 
NCP, also known as the Huang-Huai-Hai Plain, is located in the north of the eastern part of 
China between 32° and 40° N latitude and 100° and 120° E longitude (Liu et al., 2001). 
Winter wheat (Triticum aestivum L.) and summer maize (Zea mays L.) are currently the two 
main crops combined in a single-year rotation also referred to as a double cropping system 
(Zhao et al., 2006). Winter wheat is sown at the beginning of October and harvested in mid 
June. Summer maize is sown immediately following winter wheat harvest and is harvested 
at beginning of October.  
The climate in the NCP is warm-temperate with cold winter and hot summer. Precipitation 
shows a high spatial and temporal variability (Wu et al., 2006) and ranges from about 500 
mm in the north to 800 mm in the south (Liu et al., 2001). About 50 to 75% of the total 
precipitation occurs from July to September during the summer monsoon. Depending on 
the seasonal precipitation situation, farmers usually irrigate winter wheat four to five times 
(Hu et al., 2006). In consequence, the irrigation water for wheat production comprises about 
80% of the whole agricultural water consumption (Li, 1993).  
Extensive use of fertilizer is also very common in the winter wheat-summer maize double 
cropping system. In Beijing area, for example, the average N application rates ranged 
around 309 kg N ha-1 for winter wheat and 256 kg N ha-1 for maize (Zhao et al., 1997). 
Besides the positive effects on yield, an increasing input of water and fertilizer is connected 
with increasing costs for the farmers and leads to environmental problems such as leaching 
or water scarcity. Therefore better management practices balancing both economic and 
environmental interests are required.  
Numerous agricultural experiments were carried out to test the effects of different 
management strategies on grain yield and overall sustainability. However field experiments 
have their limitations as they are conducted at particular points in time and space. Besides, 
field experiments are time consuming, laborious and expensive (Jones et al., 2003) and 
therefore limited in extent and size. A viable alternative to these problems is to use crop 
models. Models can be applied as a valuable tool to propose better adapted crop 
management strategies and to test the hypothetical consequences of varying management 
practices (e.g. Saseendran et al., 2005). Furthermore, models can be used to optimize 
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economic efficiency by finding best management strategies under given and future 
environmental conditions (Link et al., 2006). However, studies which use crop models to 
evaluate crop production systems in the NCP are rare (Yu et al., 2006). Hu et al. (2006) used 
the RZWQM model to assess N-management in a double cropping system (winter wheat 
and summer maize) at Luancheng in the NCP. Results of the study indicated, that both, N 
and water could be reduced by about half of the typical application rates without a strong 
reduction in yield. Yang et al. (2006) used the CERES-Wheat and CERES-Maize models to 
estimate agricultural water use and its impact on ground water depletion in the piedmont 
region of the NCP. The results showed a strong correlation between the agricultural water 
use and the ground water depletion. The authors concluded that there is still a sustainable 
water reduction possible if water-saving technologies are applied.  
The aim of this study was to evaluate the double cropping of winter wheat and summer 
maize in the NCP under water shortage conditions. For this purpose the models CERES-
Wheat and CERES-Maize were calibrated and validated. Based on a gross margin analysis, 
different irrigation and N-fertilizer treatments were evaluated. Originated from the most 
profitable treatment, four different irrigation scenarios for the dry growing season 
2000/2001 and their effect on water consumption, grain yield and gross margin were 
simulated. 
3.3.1 Study site and field experiment 
The CERES-Maize and CERES-Wheat models were used with field study information of 
Böning-Zilkens (2004) for testing different irrigation scenarios in a double cropping system 
of winter wheat and summer maize in the NCP. The chosen field experiment was conducted 
from 1999-2002 (three vegetation periods, six harvests). The experimental site was 
Dongbeiwang located in the northwest of Beijing (40.0° N and 116.3° E). Soil type was a 
Calcaric Cambisol (FAO taxonomy) formed of silty loam. The winter wheat cultivar Jindong 
8 was sown at the beginning of October with a row spacing of 15 cm and an aspired plant 
density of 480 plants m-2. Wheat was harvested at the beginning of June each year. After 
winter wheat summer maize was sown directly without time lag and harvested at the 
beginning of October. The maize cultivar Jingkeng 114 was sown with a density of 6 plants 
m-2 and a row spacing of 70 cm. The experiment was designed as a three factorial split-split-
plot design with four replications and included three different irrigation regimes, three N-
fertilization rates as well as a treatment with and without straw. No major diseases were 
reported during the growing period. For the purpose of this study only the treatments 
without straw removal were used because this is the usual practice in the NCP.  
Fertilization treatments varied between 0 and 600 kg N ha-1 a-1 (Table 6). In the traditional 
treatment N-fertilization was carried out according to farmers practice. The treatment 
reflects the standard production system in the NCP with the fertilizer inputs being very 
high. The fertilization of the optimized treatment was based on measured soil available 
nitrogen (Nmin-content) and target yield. No nitrogen fertilizer was applied in the control 
treatment.  
Irrigation treatments varied between 195 and 354 mm (Table 6). The traditional irrigation was 
carried out according to farmers practice using border irrigation. The optimized irrigation was 
based on measurements of the volumetric soil water content aiming to keep the available field 
capacity between 45 and 80 % following Steiner et al. (1995). Available field capacity was 
defined as field capacity minus the amount of water which is retained through high soil water 
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tension (pF < 4.2) and therefore not available to the plant. The volumetric soil water content 
was measured with time domain reflectometry probes (0-15, 15-30, 30-45, 45-60, 60-90, 90-120 
cm depth) every four days. The suboptimal irrigation exemplified the control. Irrigation in this 
treatment was based on the amount of approximately two third of the optimized strategy. In 
the optimized and suboptimal irrigation treatments irrigation was carried out using sprinkler 
irrigation. Plot size for the factor irrigation was 50 x 70 m. Two-jet complete circle sprinkler 
with a height of 1 m were used, adjusted in a grid of 12 x 18 m. Summer maize was not 
irrigated in any of the experimental years (Böning-Zilkens, 2004), as precipitation is usually 
sufficient (Lohmar et al., 2003).  
 
 Management N-fertilization (kg N ha-1 a-1) Irrigation (mm) 
Treatment       
 irrigation fertilization wheat maize total wheat maize 
1 suboptimal suboptimal 0 0 0 195 0 
2 suboptimal traditional 300 300 600 195 0 
3 suboptimal optimized 50 53 103 195 0 
4 traditional suboptimal 0 0 0 354 0 
5 traditional traditional 300 300 600 354 0 
6 traditional optimized 87 59 146 354 0 
7 optimized suboptimal 0 0 0 293 0 
8 optimized traditional 300 300 600 293 0 
9 optimized optimized 72 65 137 293 0 
Table 6. Average amounts of nitrogen fertilizer (kg ha-1 a-1) and irrigation amounts (mm) for 
winter wheat and summer maize over the three vegetation periods (1999/2000-2001/2002) 
of field experiments. 
Different growth stages of winter wheat (emergence, hibernation, jointing, full flowering, 
medium milk, ripening) and maize (emergence, beginning of stem elongation, heading, end 
of flowering, medium milk) were recorded according to Zadoks et al. (1974). Four time 
harvests were done by hand in the growth stages mentioned before. Final harvest was done 
manually by cutting three times 3 m2 of winter wheat and one time 39.2 m2 of summer 
maize. Winter wheat ears and maize plants were counted. After harvest, plants were 
separated and grains and kernels were threshed and dried to constant weight at 105 °C to 
obtain total dry matter. Thousand kernel mass, grains per ear, kernels per row, kernels per 
cob and rows per cob were determined. 
Weather data were collected from a local weather station at Dongbeiwang and including 
daily solar radiation, maximum and minimum air temperatures and precipitation. Mean 
annual temperature for 2000-2002 ranged between 11.5-11.7 °C and did not differ from the 
long-term average of 11.5 °C. The annual precipitation amounted 448, 366 and 520 mm. In 
comparison to the long-term average (556 mm), all three years were drier.  
Statistical analyses of the data were performed with Sigma Stat 3.5 (Jandel Scientific Corp, 
San Rafae, CA). Differences between experimental groups were tested by using one factor 
analysis of variance (ANOVA). Tukey tests were carried out for comparison of means. 
3.3.2 Model description 
The CERES-Maize and CERES-Wheat models were calibrated and validated using data from 
Böning-Zilkens (2004). The growing seasons 1999/2000 and 2001/2002 were used for model 
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reported during the growing period. For the purpose of this study only the treatments 
without straw removal were used because this is the usual practice in the NCP.  
Fertilization treatments varied between 0 and 600 kg N ha-1 a-1 (Table 6). In the traditional 
treatment N-fertilization was carried out according to farmers practice. The treatment 
reflects the standard production system in the NCP with the fertilizer inputs being very 
high. The fertilization of the optimized treatment was based on measured soil available 
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based on measurements of the volumetric soil water content aiming to keep the available field 
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tension (pF < 4.2) and therefore not available to the plant. The volumetric soil water content 
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the optimized and suboptimal irrigation treatments irrigation was carried out using sprinkler 
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irrigated in any of the experimental years (Böning-Zilkens, 2004), as precipitation is usually 
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of field experiments. 
Different growth stages of winter wheat (emergence, hibernation, jointing, full flowering, 
medium milk, ripening) and maize (emergence, beginning of stem elongation, heading, end 
of flowering, medium milk) were recorded according to Zadoks et al. (1974). Four time 
harvests were done by hand in the growth stages mentioned before. Final harvest was done 
manually by cutting three times 3 m2 of winter wheat and one time 39.2 m2 of summer 
maize. Winter wheat ears and maize plants were counted. After harvest, plants were 
separated and grains and kernels were threshed and dried to constant weight at 105 °C to 
obtain total dry matter. Thousand kernel mass, grains per ear, kernels per row, kernels per 
cob and rows per cob were determined. 
Weather data were collected from a local weather station at Dongbeiwang and including 
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annual temperature for 2000-2002 ranged between 11.5-11.7 °C and did not differ from the 
long-term average of 11.5 °C. The annual precipitation amounted 448, 366 and 520 mm. In 
comparison to the long-term average (556 mm), all three years were drier.  
Statistical analyses of the data were performed with Sigma Stat 3.5 (Jandel Scientific Corp, 
San Rafae, CA). Differences between experimental groups were tested by using one factor 
analysis of variance (ANOVA). Tukey tests were carried out for comparison of means. 
3.3.2 Model description 
The CERES-Maize and CERES-Wheat models were calibrated and validated using data from 
Böning-Zilkens (2004). The growing seasons 1999/2000 and 2001/2002 were used for model 
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calibration. Phenology and growth data such as biomass at different growth stages and the 
dates of phenological events were used to determine the cultivar coefficients for wheat and 
maize (Table 7). The calibration of these parameters followed a sequence of variables 
suggested by the DSSAT manual (Boote, 1999). As irrigation was carried out by border 
irrigation, irrigation efficiency was set to 0.45, according to Xinhua News (2001). For 
sprinkler irrigation the irrigation efficiency was set to 0.55 as strong winds during the 
experiment diminished the water distribution.  
 
Winter wheat cv. Jindong 8  
Parameter Description Value 
P1V Sensitivity to vernalisation 35 
P1D Sensitivity to photoperiod 50 
P5 Grain filling duration 500 
G1 Kernel number per unit weight at anthesis 20 
G2 Kernel weight under optimum conditions 36 
G3 stem + spike dry weight at maturity 1.8 
PHINT Phyllochron interval 95 
Summer maize cv. Jingkeng 114  
P1 Growing degree days from emergence to end of juvenile 
phase 
180 
P2 Photoperiod sensitivity 0.3 
P5 Cumulative growing degree days from silking to maturity 685 
G2 Potential kernel number 730 
G3 Potential kernel growth rate 8.0 
PHINT Phyllochron interval 44 
Table 7. Cultivar coefficients of winter wheat cv. Jindong 8 and summer maize cv. Jingkeng 
114 used for model calibration and validation.  
Model validation was carried out with an independent dataset from the dry growing season 
2000/20001 using the cultivar coefficients obtained by calibration. The model validation 
involved the use of the model with the calibrated values without making any further 
adjustments of the constants (Gungula et al., 2003). The Root Mean Square Error (RMSE), 
between simulated and measured values was used to evaluate simulation results. For 
graphical representations the 1:1 line of measured vs. simulated values was used. 
Correlation coefficients were also reported to express the scatter of the simulated values 
compared with the measured data. 
3.3.3 Economic analysis 
Gross margins in Chinese Yuan (¥) (RMB, 1 ¥ ~ 0.12 US$) have been developed with 
information provided from literature to compare the different treatments form the field 
experiments used for model calibration and validation as well as to compare the simulated 
scenarios. The analysis was carried out according to the following equation:  
 gross margin = revenue – variable costs  (1) 
where gross margin is ¥ ha-1 a-1. 
The revenue parameter is the result of equation 2: 
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 revenue = YWt x PW + YMt x PM  (2) 
where YWt is the grain yield (kg ha-1) of winter wheat W per year t, PW is the price of 
winter wheat W (¥ kg-1), YMt is the grain yield (kg ha-1) of summer maize M per year t, and 
PM is the price of summer maize M (¥ kg-1). 
The variable cost parameter is the result of equation 3: 
 variable costs = (NWt + NMt) x PN + WWt x PW  (3) 
where NWt is the N-fertilizer rate (kg ha-1) applied to winter wheat W in year t, NMt is the 
N-fertilizer rate (kg ha-1) applied to summer maize M in year t, PN is the price of N fertilizer 
(¥ kg-1 N), WWt is the amount of irrigation water (m³ ha-1) used for winter wheat W in year 
t, and PW is the price for the irrigation water (¥ m-3). 
The prices for nitrogen fertilizer (4.0 ¥ kg N-1), winter wheat (1.10 ¥ kg-1) and summer maize 
(1.00 ¥ kg-1) were obtained from Chen et al. (2004). In the study of Chen et al. (2004) prices 
for wheat and maize were based on grain moisture of 15 %. As the model input requires a 
grain moisture of 0% the price for maize was set to 1.18 ¥ kg-1 dry matter (DM) and to 1.29 ¥ 
kg-1 DM for winter wheat. The price for irrigation water was set to 0.60 ¥ m-3 based on 
information from Li et al. (2005). Note, that all the prices represent average prices for the 
NCP and will vary from region to region and year to year.  
3.3.4 Simulated irrigation scenarios 
To achieve high yields farmers in the NCP tend to overirrigate winter wheat (Zhang et al., 
2004). The simulations show the potential saving of irrigation water and its effect on grain 
yield and gross margin under the conditions at the Dongbeiwang site. Based on the 
treatment with the highest gross margin of the field experiment, five different irrigation 
scenarios for the dry growing season 2000-2001 were simulated.  
 
Treatment Grain yield (kg DM ha-1 a-1) Gross margin (¥ ha-1 a-1)* 
 wheat  maize  total  wheat  maize  total  
1 3280 c 5435 a 8715 d 3061 ab 6413 a 9475 abc 
2 3493 c 5786 a 9279 cd 2136 b 5327 a 7763 d 
3 3647 c 5834 a 9480 bcd 3334 a 6672 a 10006 ab 
4 4077 abc 5397 a 9473 bcd 3135 ab 6368 a 9503 abc 
5 4940 a 5590 a 10530 ab 3049 ab 5397 a 8445 cd 
6 4947 a 5707 a 10653 a 3909 a 6498 a 10407 a 
7 3730 bc 5364 a 9094 d 3054 ab 6330 a 9384 bc 
8 4657 ab 5600 a 10257 abc 3049 ab 5408 a 8457 cd 
9 4780 a 5780 a 10560 a 4120 a 6560 a 10680 a 
*Currency Chinese Yuan (¥) (RMB, 1  ~ 0.12 US$) 
Table 8. Average grain yield (kg DM ha-1) and gross margin (¥ ha-1) over the three 
vegetation periods (1999/2001-2001/2002) for winter wheat, summer maize and the double 
cropping of both cultivars regarding different irrigation and nitrogen fertilizer treatments in 
the field experiment. Different letters indicate significant differences at α=0.05. 
From the calibration and validation results, the CERES-Maize and CERES-Wheat models 
were found to simulate yields well. The average RMSE between simulated and measured 
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calibration. Phenology and growth data such as biomass at different growth stages and the 
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2004). The simulations show the potential saving of irrigation water and its effect on grain 
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yield for winter wheat was 432 kg ha-1 (calibration) and 342 kg ha-1 (validation). Similar 
results were obtained for summer maize with an average RMSE of 253 kg ha-1 (calibration) 
and 414 kg ha-1 (validation). The results of the study showed that the differences between 
simulated and measured grain yields were within the range of differences reported in the 
literature.  
Maximizing yield and gross margin as a function of inputs and production costs is one of 
the main goals when making management decisions such as fertilizer and irrigation 
applications (Bannayan et al., 2003). The effects of different management strategies on grain 
yield and gross margin are represented in Table 8.  
The average winter wheat grain yields over the three vegetation periods indicated that, 
independent of irrigation regimes, the highest grain yields were reached by the treatments 
“optimized fertilization” (3, 6, 9), followed by the treatments “traditional” (2, 5, 8) and 
“suboptimal fertilization” (1, 4, 7). However between the treatments “optimized” and 
“traditional fertilization” no significant difference existed, whereas grain yields in the 
“suboptimal” treatments decreased significantly. Considering the different irrigation 
treatments the highest winter wheat grain yields were reached by the “traditional 
treatments” (4-6), followed by the “optimized” (7-9) and “suboptimal treatments”(1-3). The 
differences between the “traditional” and “optimized irrigation” treatments were not 
significant whereas grain yield of the “suboptimal irrigation” treatments was significantly 
reduced. Summer maize was not irrigated and the different irrigation treatments applied to 
winter wheat showed only small, or no significant effects on the grain yield of succeeding 
maize. The same was true for the fertilization treatments. The highest grain yield was 
reached by the treatments “optimized fertilization” followed by the treatments “traditional” 
and “suboptimal fertilization”. 
Overall, the results showed, that the differences in grain yield between “traditional” and 
“optimized fertilization” were not significant. One possible reason could be that crop N 
demand of wheat and summer maize is much lower than the applied rates of N in the NCP 
(Gao et al., 1999). This corresponds with results of Jia et al. (2001) and Chen et al. (2004) who 
showed that without any risk of yield decrease N fertilizer rates for winter wheat in the 
NCP could be reduced to <180 kg N ha–1 when soil NO3 testing or a yield response curve 
method was used. Similar results were found for irrigation management. According to 
Zhang et al. (2005) winter wheat could attain its maximum yield with less than full 
application of the current irrigation practice.  
Beside the effects on grain yield, Table 8 indicates also the effects of different irrigation and 
N-fertilizer amounts on gross margin. The highest gross margin regarding the different 
fertilizer amounts was reached within the “optimized” treatments (3, 6, 9) followed by the 
“suboptimal” (1, 4, 7) and “traditional fertilizer” (2, 5, 8) treatments. Even if grain yields of 
the “suboptimal” treatments were significantly lower than grain yields of the “traditional” 
treatments they reached the same level of gross margin because the “suboptimal fertilizer” 
treatments went along without any costs for nitrogen fertilization. The gross margin of the 
different irrigation treatments increased by the order “suboptimal”, “optimized” and 
“traditional irrigation”. However, the differences between the “traditional” and “optimized” 
treatments were small. The highest total gross margin in the double cropping of winter 
wheat and summer maize was observed with treatment number 9 (“optimized irrigation” 
and “optimized N-fertilization”). The analysis of the different irrigation and N-fertilizer 
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treatments of the field experiment showed that with a higher input of nitrogen fertilizer and 
irrigation water grain yields did not equally rise as the costs for the input factors. Therefore, 
the highest gross margin was not reached with the highest input of nitrogen and irrigation. 
This result corresponds with the report of Zhu and Chen (2002) who had reviewed the 
nitrogen fertilizer use in China. They found that the maximum yield, demonstrated by yield 
versus N application rate curves, is usually higher than the yield of the maximum economic 
efficiency.  
In a next step, five different irrigation scenarios for winter wheat and their effects on grain 
yield, water consumption and gross margin were simulated for the dry season 2000/2001. 
As a starting point (= scenario 1) for the simulation of different irrigation scenarios 
treatment 9 (“optimized irrigation” and “optimized fertilization”) was used because this 
treatment reached the highest gross margin (Table 8). The nitrogen fertilization amount for 
winter wheat in treatment 9 was 65 kg N ha-1. The costs for the N-fertilizer amounted to 260 
¥ ha-1 (4.00 ¥ kg N-1) and were considered in all succeeding scenarios. Table 9 gives an 
overview on the changes in irrigation amount, total water supply, grain yield and gross 
margin.  
One of the most important aspects of water-saving in irrigated agriculture is the irrigation 
scheduling because the water sensitivity varies among different growth stages (Zhang et al., 
1999). The irrigation in scenario one took place at six different growth stages. However the 
results of scenario three, four and five demonstrated that a reduction in irrigation frequency 
may not always lead to a decrease in grain yield. Commonly grain crops are more sensitive 
to water stress during flowering and early seed formation than during vegetative or grain 
filling phases (Doorenbos and Kassam, 1979). Results of Zhang et al. (2003) showed that 
irrigation before the over-wintering period could be omitted due to its loss to soil 
evaporation and its effects on increasing the non-effective tillers in spring. According to 
Zhang et al. (1999) wheat is particularly sensitive to water stress in the growth stages from 
jointing to heading and from heading to milk stage. Similar results were found in our study. 
The results showed that irrigation during seedling development (before winter) and at milk 
stage was not essential for the formation of grain yield. However, an additional irrigation 
during the regreening stage (scenario five) might lead to a further increase in grain yield.  
 
 Irrigation Total water 
supply** 
Grain yield Gross margin 
Scenario mm % mm % kg ha-1 a-1 % wheat 
¥* ha-1 a-1 
maize 
¥ ha-1 a-1 
total 
¥ ha-1 a-1 
1 310 100 452 100 4436 100 3602 7051 10654 
2 0 -100 262 -42 1089 -75.5 1144 7244 8388 
3 155 -50 370 -18.1 3721 -16.1 3610 6982 10592 
4 200 -35.5 394 -12.8 4445 0.2 4274 6994 11268 
5 290 -6.5 442 -2.2 5243 18.2 4763 7134 11897 
*Currency Chinese Yuan (¥) (RMB, 1 ~ 0.12 US$) 
** Total water supply = effective irrigation+ precipitation + depletion of the initial soil water content 
Table 9. Irrigation amount (mm), total water supply (mm), grain yield (kg ha-1 a-1) and gross 
margin (¥ ha-1 a-1) of winter wheat. 
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(Gao et al., 1999). This corresponds with results of Jia et al. (2001) and Chen et al. (2004) who 
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the “suboptimal” treatments were significantly lower than grain yields of the “traditional” 
treatments they reached the same level of gross margin because the “suboptimal fertilizer” 
treatments went along without any costs for nitrogen fertilization. The gross margin of the 
different irrigation treatments increased by the order “suboptimal”, “optimized” and 
“traditional irrigation”. However, the differences between the “traditional” and “optimized” 
treatments were small. The highest total gross margin in the double cropping of winter 
wheat and summer maize was observed with treatment number 9 (“optimized irrigation” 
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treatments of the field experiment showed that with a higher input of nitrogen fertilizer and 
irrigation water grain yields did not equally rise as the costs for the input factors. Therefore, 
the highest gross margin was not reached with the highest input of nitrogen and irrigation. 
This result corresponds with the report of Zhu and Chen (2002) who had reviewed the 
nitrogen fertilizer use in China. They found that the maximum yield, demonstrated by yield 
versus N application rate curves, is usually higher than the yield of the maximum economic 
efficiency.  
In a next step, five different irrigation scenarios for winter wheat and their effects on grain 
yield, water consumption and gross margin were simulated for the dry season 2000/2001. 
As a starting point (= scenario 1) for the simulation of different irrigation scenarios 
treatment 9 (“optimized irrigation” and “optimized fertilization”) was used because this 
treatment reached the highest gross margin (Table 8). The nitrogen fertilization amount for 
winter wheat in treatment 9 was 65 kg N ha-1. The costs for the N-fertilizer amounted to 260 
¥ ha-1 (4.00 ¥ kg N-1) and were considered in all succeeding scenarios. Table 9 gives an 
overview on the changes in irrigation amount, total water supply, grain yield and gross 
margin.  
One of the most important aspects of water-saving in irrigated agriculture is the irrigation 
scheduling because the water sensitivity varies among different growth stages (Zhang et al., 
1999). The irrigation in scenario one took place at six different growth stages. However the 
results of scenario three, four and five demonstrated that a reduction in irrigation frequency 
may not always lead to a decrease in grain yield. Commonly grain crops are more sensitive 
to water stress during flowering and early seed formation than during vegetative or grain 
filling phases (Doorenbos and Kassam, 1979). Results of Zhang et al. (2003) showed that 
irrigation before the over-wintering period could be omitted due to its loss to soil 
evaporation and its effects on increasing the non-effective tillers in spring. According to 
Zhang et al. (1999) wheat is particularly sensitive to water stress in the growth stages from 
jointing to heading and from heading to milk stage. Similar results were found in our study. 
The results showed that irrigation during seedling development (before winter) and at milk 
stage was not essential for the formation of grain yield. However, an additional irrigation 
during the regreening stage (scenario five) might lead to a further increase in grain yield.  
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Besides the irrigation frequency also the irrigation amount affected grain yield. With a 
complete renouncement of irrigation like in scenario 2 grain yield dropped to 1089 kg per 
ha-1 leading to a decrease of 68.2 % in gross margin, as the yield reduction could not be 
compensated by the saved irrigation costs (Table 9). Hence, a supplemental irrigation is 
required in wheat to maintain high yields and to ensure an adequate gross margin for the 
farmers. Besides the necessity of irrigation for wheat, scenario 3 demonstrates the enormous 
potential for water saving without a financial deterioration for the farmers. The simulation 
indicated that a reduction in the irrigation frequency from six to four times and a reduction 
in the irrigation amount of up to 50 % are possible without any decrease in gross margin. As 
the Chinese government aims to achieve the goal of self-sufficiency (Huang 1998), scenario 4 
tested the considerable potential for reducing the irrigation amount without any decrease in 
actual yield level. The simulation indicated that a reduction of the amount of irrigation 
water of up to one third is possible without any yield losses. The saved irrigation costs 
would lead to an increase in gross margin of up to 672 ¥ ha-1 (18.6 %). A maximum gross 
margin of 4763 ¥ ha-1 was reached in scenario 5. The maximum gross margin was connected 
with the highest grain yield of 5243 kg ha-1. Changes in the irrigation amounts and 
frequencies to winter wheat showed only small effect on yields of the following crop 
summer maize because there was enough precipitation. The total gross margin for the 
different scenarios of double cropping winter wheat and summer maize is given in Table 9 
and indicated that scenario 4 and 5 would lead to the highest gross margin in the double 
cropping system while saving up to 35 % of irrigation water and having no yield loss. 
The results of the simulated scenarios showed that there is a considerable potential for 
saving irrigation water even under dry conditions like in the growing season 2000/2001. For 
the purpose of improvement of gross margin, models can help to determine an optimum 
value for total water consumption where grain yield and gross margin were all relatively 
high. However this value largely depends on the cost of irrigation water. Crop models such 
as DSSAT offer the possibility to estimate crop water use and can help to develop 
appropriate irrigation strategies. It can be concluded that in areas with similar conditions as 
in the simulations, the common irrigation amount to wheat could be reduced by about one 
third without any yield losses. Furthermore, a reduction of about 50 % may be possible 
without a decrease in the initial gross margin. However, without irrigation gross margin 
would be very low, because the saved water costs could not balance the losses in grain yield. 
Therefore, a supplemental irrigation at critical growth stages seems to be essential to 
maintain high yields and to ensure an adequate gross margin for the farmers. 
4. Conclusion 
Crop models represent a means for agricultural scientists to provide farmers with 
information like possible crop yields for different levels of input factors and procedures for 
decision making by integrating the most relevant parameters affecting crop yield. The 
evolving area of crop model research represents an attempt of scientists to intervene and 
improve farmers’ management and to fill this existing knowledge gap. However, the 
attempts to intervene and influence management decisions by delivering appropriate 
decision support tools have been harder than first thought. But crop models are considered 
to be an important tool for gaining a theoretical understanding of a crop production system. 
Finally, it has to be constituted and recalled that crop models do not offer a panacea for 
problem solving. They are limited in their ability to simulate various parts of a biological 
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system and address complex systems in an often simplified manner. In summary, it can be 
adhered that crop models are a first step into the direction of decision making process. 
Besides all existing constrains to date, due to their highly innovative nature and potential for 
improved quality of production and crop management, models have the credentials to be a 
key candidate for a well-focused future research area.  
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1. Introduction 
Rain-fed agriculture is practiced on approximately 80 percent of global agricultural land 
area (Wani et al. 2009). It accounts for about 70 percent of the global staple foods production 
(Cooper et al. 2009). This is the main mode of production favored by poor farmers in the 
developing world and other economically deprived societies (Wani et al. 2009). The 
contribution to global food supply from rain-fed agriculture is forecasted to decline from 65 
percent at present to 48 percent in 2030 (Bruinsma 2003). The decline of precipitation 
forecast for some regions of the African savanna may affect agricultural production in 
different ways. During the already dry months, the decline of precipitation is likely to 
reduce the resilience of some plants (Vanacker et al. 2005). This is especially true for many 
ecosystems in Sub-Saharan Africa, particularly grass and shrub savannahs, which are shown 
to be highly sensitive to short-term availability of water due to climate variability (Vanacker 
et al. 2005). While the ranges of species may shift as a result of changing climate, this shift 
may probably not be in cohesive and intact units and are likely to become more fragmented 
(Channell and Lomolino 2000). This stimulates interest in understanding the effects of 
climate change on the potential for rain-fed agriculture for particular regions where this 
practice has important economic and social implications. 
While observed and measured data increasingly support predictions of a warmer world in 
the next 50 - 100 years, the impact of rising temperatures on rainfall distribution patterns in 
the semi-arid tropics of Africa remain far less certain (Cooper et al. 2009). African countries 
are particularly vulnerable to climate change because of their dependence on rain-fed 
agriculture, low economic power, low levels of human and physical capital, and poor 
infrastructure (Nelson 2009). The negative effects of climate change on agricultural 
production are especially pronounced in Sub-Saharan Africa because of the significant 
contribution of the agricultural sector to the GDP, export earnings, and employment (Fan et 
al. 2009).  
Cameroon, like many countries in sub-Saharan Africa has a high share of total poverty in 
the rural sector and a high share of GDP growth originating in agriculture (De Janvry 2009). 
Less than 1 percent of total agricultural land area in Cameroon is equipped for irrigation 
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(FAOSTAT 2010). Small-scale food crop production in Cameroon’s savanna zones is heavily 
dependent on timing and length of the rainy season. The timing and length of the rainy 
season is strongly dependent on and directly influenced by the movement of the Inter-
tropical Tropical Convergence Front. This subjects the region to a pronounced seasonality 
with four to six months of rainy season in which most of the rain-fed food crop production 
takes place and six to eight months of dry season with no opportunities for non-irrigated 
food production (Yengoh et al. 2011). Food production among small-scale farmers is 
therefore very dependent on the reliability of the onset of rains and the distribution of 
rainfall during the rainy season (Yengoh et al. 2010) and rain-fed agriculture is one of the 
most vulnerable livelihood and economic sectors to climate change in the these regions. 
Since 1960, four major droughts and two floods have affected different parts of Cameroon’s 
savanna zones with considerable effects on food production and human well-being (CRED 
2011). The frequency of weather-related crop failures in Cameroon’s savanna zones points to 
the vulnerability of food production in this region to future climate change. On a larger 
context, the vulnerability of this region mirrors the situation of the country’s socio-economic 
life to forces of climate because of the importance of this region as a major production zone 
for cereals, pulses and livestock (Yengoh et al. 2011). 
While installed irrigation capacity is generally low in Sub-Saharan Africa compared to that 
of many other regions (FAOSTAT 2010), climate change may further worsen the irrigation 
water supply reliability in areas with installed irrigation infrastructure (Nelson 2009). An 
appreciation of the expected impact of climate change to agricultural communities 
dependent on rain-fed production can guide policy-makers in designing strategies for 
mitigation and adaptation (Yengoh et al. 2010).  
In this study, the CROPWAT model (Clarke et al. 1998) is used to compute crop water 
requirements and yield reduction due to soil moisture stress for the Guinea- and Sudan 
Savanna agro-ecological zones of Cameroon for baseline climate conditions (1961-1990) as 
well as three scenarios from the Special Report on Emissions Scenarios (SRES). Tools of 
geographical information systems are used to estimate the impact of climate change on the 
potential area for rain-fed agriculture and crop water requirements of five main food crops 
in this region. The goal of the analysis is to assess the impact of climate change at finer scales 
and explore avenues for adaptation. Besides assessing the impact of climate change on yield 
reduction, we estimate the crop area that will be suitable for the cultivation of major food 
crops of the region under different water requirement situations. The results are used to 
discuss the implications for agricultural planning at national, regional and farm level, as 
well as implications on the vulnerability of small-scale farmers. Based on such implications, 
a climate change adaptation portfolio for small-scale farming systems for savanna zones of 
Sub-Saharan Africa is proposed. This study complements others that assess the impact of 
climate change at country and regional level (Parry et al. 2004, Molua and Lambi 2006, 
Iglesias et al. 2007, Morton 2007).  
2. Description of study area 
The study area is located between latitude 6oN and 13oN (Figure 1). This region covers an 
area of about 163 513 Km2 and makes up more than 35 percent of the total area of the 
country, 475 500 Km2. It comprises the Guinea- and Sudan-Savanna agro-ecological zones of 
the country and is the seat of most of the country’s food crops and livestock production 
(Yengoh et al. 2011). This zone is interesting as a case study because its agro-ecological 
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characteristics, farming systems and the economic situation of farmers here can be seen in 
large swaths of the continent, from Guinea in the west to Ethiopia in the East. Knowledge of 
production constraints as well as issues of mitigation and adaptation in this study area can 
therefore be applicable to similar regions in Sub-Saharan Africa. 
 
 
Fig. 1. Location of the study area. 
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Rainfall varies between 1 200 mm and 2 300 mm annually around latitude 6oN to about 850 
mm annually in the neighborhood of latitude 13oN. Population density is low in the southern 
parts of the region, at 13 and 20 persons per km2 in the Adamawa and North administrative 
regions respectively and 88 persons per km2 in the Far North administrative region (above 
latitude 10oN).  The national average population density is approximately 38 persons per km2. 
Agriculture is the main economic activity in Cameroon, practiced by more than 80 percent of 
the working population and contributing to >45 percent of GDP (Laux et al. 2010).  
3. Sources of data and analysis methods 
We use monthly climate data from the National Meteorological Service of Cameroon in 
Douala. These data which become inputs into the CROPWAT model for the computation of 
crop water requirements include temperature, humidity, wind speed and sunshine. For nine 
out of the twenty-five stations where such station data is absent, New LocClim is used to 
derive values for these areas by interpolation (see appendix for list and location of stations). 
New LocClim is a tool, capable of producing average monthly climate values (up to eight 
variables) taken from the agro-climatic database of the Agromet Group of the Food and 
Agriculture Organization of the United Nations (Grieser et al. 2006). Besides allowing for an 
extensive investigation of interpolation errors, and the influence of different settings on the 
results, New LocClim also allows for the optimization of the interpolation with respect to 
the data analyzed. Average monthly temperature and rainfall for three SRES emission 
scenarios for 2050s are derived from the HadCM3 model of the Hadley Centre for Climate 
Prediction and Research, Meteorological Office, United Kingdom.  
The data is used to calculate crop water requirements using CROPWAT 8.0 for Windows. 
CROPWAT is a decision support system developed by the Land and Water Development 
Division of the Food and Agriculture Organization of the United Nations Organization to 
calculate potential evapotranspiration, crop water requirements and crop irrigation 
requirements (Clarke et al. 1998). Procedures for calculating variables for crop water 
requirements used in CROPWAT are based on FAO guidelines extensively presented in the 
publication No. 56 of the Irrigation and Drainage Series of FAO "Crop Evapotranspiration - 
Guidelines for computing crop water requirements" (Allen et al. 1998). CROPWAT has been 
used extensively for computing crop water requirements for different crops, case studies 
and at different scales (Molua and Lambi 2006, Iglesias et al. 2007, Traore et al. 2007, 
Stancalie et al. 2010). 
We begin by calculating crop water requirements for 27 stations using climate data for baseline 
conditions for 1961-1990. Then baseline rainfall and temperature data is replaced with data 
from the HadCM3 model output. This allows for the calculation of simulated conditions of 
evapotranspiration, and effective rainfall based on rainfall and temperature conditions of the 
2050s. While we assume constant relative humidity, wind speed and number of hours of 
sunshine, radiation changes with the introduction of new temperature values during the 
calculation of evapotranspiration using modeled data. Crop water requirements are calculated 
for three SRES story-lines: the moderate, mid-level A1B carbon scenario, the higher, more 
extreme A2 carbon scenario, and the more optimistic B1 carbon scenario. These story-lines are 
alternative images of how the future might unfold (IPCC 2007).  
Crop water requirements for baseline, A2, A1B, and B1 scenarios are then interpolated on 
the study area using inverse distance weighting (IDW) with ArcEditor 9.3. The choice of 
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IDW was made because this interpolation method provides a simple way of guessing the 
values of a field at locations where no measurement is available. It estimates unknown 
measurements as weighted averages over the known measurements at nearby points, giving 
the greatest weight to the nearest points. IDW is therefore ideal in obtaining a smooth 
surface whose value at any point is more like the values at nearby points than the values at 
distant points (Longley 2005). In calculating the potential area for rain-fed crop production 
potential, land occupied by a number of land land-use types is eliminated. These include 
land occupied by urban and rural settlements, protected areas, swamps, water bodies and 
land occupied by irrigated agriculture. 
Yield reduction due to soil moisture stress is expressed as a percentage of the maximum 
production achievable in the area under optimal soil moisture conditions. It is computed 
with reference to the whole growing season based on (Allen et al. 1998, Clarke et al. 1998):  
(1 - Ya/Ymax) = Ky (1 - ETc adj / ETc) 
Ya = Yield achievable under actual conditions 
Ymax = Maximum crop yield achievable in case of full satisfaction of crop water needs 
Ky = Yield response factor  
ETc adj = Crop evapotranspiration under non-standard conditions  
Etc = Crop evapotranspiration under standard conditions 
A choice of five crops, (all of which are important for farmers in this region) is used to assess 
the effects of climate change on the potential for rain-fed agriculture in Cameroon’s savanna 
zones.  
Beans are the main source of non-animal protein among resource poor farmers, have a short 
growing cycle and are cultivated widely among small-holder farmers. Surpluses are sold in 
local markets and end up in markets in the south of the country. 
Groundnuts are an important source of cooking oil in the savanna zones where oil palms do 
not grow. Together with beans, they have a short growing cycle, are widely cultivated, and 
help boost soil nitrogen levels. Besides being widely used on traditional foods, groundnuts 
are also a very important export crop. Producers in the Far North Region sell to buyers from 
Nigeria, Chad and the Central African Republic. 
Maize has, over the last decade been replacing millet as the stable food in some traditional 
diets of the region. Besides, its growing importance as a food crop, the relatively high yields 
of maize, relative to the millet it is replacing and the steady demand fueled by consumption 
both within and out of the country is giving maize and increasing importance in the region.  
Potatoes are seen as local luxury food stuff with high demand from both local buyers and 
merchants from neighbouring countries. Recently introduced into the region, potato 
cultivation is growing rapidly. 
Sorghum remains one of the main food crops among most communities in this part of the 
country. It continues to command both local and foreign demand and so is widely grown. 
4. Results and discussion 
4.1 Yield reduction due to soil moisture stress 
Mean yield reduction due to soil moisture stress is greater for all crops in the A1B and A2 
scenarios relative to the baseline (Figure 2). Potato shows the greatest mean yield reductions 
of 4.1 percent and 7.7 percent for the A1B and A2 scenarios respectively and 1.5 percent for 
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the B1 scenario. The mean yield reduction for potato in the baselines scenario is 2.3 percent. 
The relatively drier conditions of the Sudan-savanna zone in the far north of the study area 
severely restricts the cultivation of potato and accounts for this high mean reduction in 
yields. In these parts of the country, maximum yield reductions of up to 35.2 and 50.4 
percent are obtained in the A1B and A2 scenarios respectively (Figure 2). This is followed by 
bean, with mean yield reductions of 3.4 percent for the A1B scenario 7.2 percent for A2 and 
0.6 percent for the B1 scenario. The largest maximum yield reductions are observed in bean, 
36.7 and 55.1 percent for the A1B and A2 scenarios respectively. While maize and 
groundnuts reveal lower mean and maximum yield reductions compared to potatoes and 
beans, sorghum has the least reductions in yield, 0.6 and 1.9 percent in the A1B and A2 
scenarios respectively. In the baseline and the B1 scenario, the yield reduction is negligible 
(Figure 2). All crops serve the dual purpose of household consumption and income 
generation from surpluses. However, some crops are more important for income generation, 
such as potato, groundnuts and beans, and are more heavily impacted by yield reduction 
that those required for basic household food supply, sorghum and maize. 
 
 
Fig. 2. Yield reduction due to soil moisture stress for all crops and scenarios. Notice the large 
variations resulting from differences in agro-climatic resources between the Guinea- and 
Sudan-savanna agro-ecological zones. Also see Appendix 1 for a table of the descriptive 
statistics. 
While the study area is collectively described as the savanna zone of Cameroon, some parts 
of this zone are marginal in their agricultural production potential. In the Sudan-Savanna 
agro-ecological zone (above latitude 12oN), the short rainy season of only about three 
months, loose sandy soils, and high temperatures impose problems of agricultural water 
availability which reduce crop production potential here. Crop production potential in this 
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agro-ecological zone is therefore in a precarious balance based on these water-related 
constraints to the length of the growing season, the soil’s water-holding capacity, rates of 
crop evapotranspiration, and others. Small changes in temperature, as well as the amount or 
pattern of precipitation may result in these zones tipping over to areas of limited crop 
production potential. The high maximum reduction in yields resulting from soil moisture 
stress in the A1B and the A2 scenarios is attributed to the steep decline of crop productivity 
in the Sudan-Savanna agro-ecological zone due to such changes in temperature and 
precipitation changes forecasted for these scenarios.  For maize and sorghum, much of the 
area which was formerly favorable for rain-fed production becomes unfavorable (requiring 
irrigation for optimal yields without water stress).   
Other studies have established relationships between climate change and yields at different 
levels and different time scales. Ex-post statistical analysis of relationships between growing 
season temperature, precipitation and global average yield for six major crops, estimated 
that warming since 1981 has resulted in annual combined losses of 40 million tons or US$5 
billion (Lobell and Field 2007). Using two scenarios of future temperature increases (1.5°C 
from MAGICC/SCENGEN model and 3.6°C rise from Global Circulation Model results), 
previous studies have predicted a reduction in wheat grain and other field crops yield of up 
to 30 percent and increase in its water needs of about 3 percent (El-Shaer et al. 1997, Eid and 
El-Mowelhi 1998) in Egypt by the year of 2050. Studies using crop simulation models such 
as CropSyst also forecasts yield reductions in Egyptian grain wheat by 2038 (Khalil et al. 
2009). Sub-Saharan Africa is increasingly being corroborated as being the region with the 
most effects of climate change on yield reduction. By using an integrated approach to 
analyze the correlation between historical crop yield and meteorological drought, Africa 
emerges with the highest drought risk index (from 95.77 at present to 205.46 in 2100), with 
yield reductions increasing accordingly by >50 percent in 2050 and almost 90 percent in 2100 
(Li et al. 2009). Average rice, wheat and maize yields are forecast to decline by up to 14 
percent, 22 percent, and 5 percent, respectively, in Sub-Saharan Africa as a result of climate 
change (Nelson 2009). It is estimated that yield reductions of up to 50 percent may be 
experienced for some crops by 2020 (Boko 2007).   
5. Fall in area with potential for rain-fed agriculture 
Under baseline conditions, sorghum and maize offer the greatest opportunities for rain-fed 
cultivation. The potential is low for bean and groundnuts and inexistent for potatoes. The 
amount of area with potential for rain-fed agriculture falls considerably for sorghum and 
maize, especially for the baseline scenario relative to the A1B and A2 scenarios (Figure 3). 
This emphasizes the idea of certain agro-ecological zones being in a precarious balance in 
relation to crop water requirements discussed previously. The precarious balance of 
agricultural water conditions for the cultivation of rain-fed maize and sorghum is offset by 
precipitation and temperature changes resulting from climate change by the middle of the 
century. The outcome is a significant fall in the amount of area with rain-fed potential for 
the cultivation of sorghum and maize.  
The area with rain-fed potential for bean increases in the B1 scenario relative to the baseline 
but also fall for the A1B and A2 scenarios. A fall in the potential area for the rain-fed 
cultivation or its absence does not however mean that these crops are not being cultivated 
anyways. It indicates that based on the water requirements of these crops, maximum 
obtainable yields cannot be achieved without irrigation (Clarke et al. 1998). The amount of 
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the B1 scenario. The mean yield reduction for potato in the baselines scenario is 2.3 percent. 
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(Figure 2). All crops serve the dual purpose of household consumption and income 
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that those required for basic household food supply, sorghum and maize. 
 
 
Fig. 2. Yield reduction due to soil moisture stress for all crops and scenarios. Notice the large 
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While the study area is collectively described as the savanna zone of Cameroon, some parts 
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area with the potential for rain-fed cultivation of different crops in the baseline scenario 
relative to the total cultivable area is sorghum (79.47 percent), potato (0 percent), maize 
(39.48 percent) groundnuts (2.3 percent), and bean (4.28 percent). This points water 
availability being an important constraint to food crop production in this region even at the 
present.  
 
Fig. 3. Amount of land (in percent of total arable land) for cultivation under non-water 
stressed conditions of analyzed crops in the baseline conditions (1960-1990) and three 
climate scenarios for 2050 average conditions. The amount of land under different water 
requirements is visualized in three different intervals: rain-fed, ≤50mm, 50.1 - ≤100mm, 
≥100mm. 
The low potential for rain-fed cultivation of potato, groundnut and beans even in the 
baseline scenario (Figure 3) also highlights the importance of water as an important element 
determining the yield of food crops in this region. This is especially important for food 
security at household level for two reasons. 
1. Small-scale farmers who make up more than 90 percent of farmers in this region are 
heavily dependent on rain-fed food production. 
2. The few economic resources of these small-scale farmers reduce their ability to invest in 
water-provision technologies to improve yields. 
The above reasons may likely be reinforced by the effects of climate change. The average 
optimum temperature range for sorghum is 21oC to 35oC for seed germination, 26oC to 34oC 
for vegetative growth and development, and 25oC to 28oC for reproductive growth (Maiti 
1996). Mean annual temperatures in Cameroon’s savanna regions are 22.02oC, 27.95oC, and 
28.34oC for Ngoundere, Garoua and Maroua respectively with diurnal ranges of up to 13oC. 
Given the strong seasonality, growing season temperatures ranges are between 7oC and 
10oC. Mean annual temperature is projected to increase by about 1.0oC to 2.9oC by the 2060s 
with ‘hot’ days occurring in 20-51 percent of days at this time (McSweeney et al. 2010). Such 
changes could have significant negative effects on the productivity of grain crops, including 
Crop Water Requirements in Cameroon’s Savanna 
Zones Under Climate Change Scenarios and Adaptation Needs 39 
sorghum (Prasad et al. 2008). This may explain the significant fall in the area with rain-fed 
potential for sorghum and maize (Figure 3). 
6. Requirements for irrigated agriculture 
A majority of the area in Cameroon’s savanna regions will be suitable for the cultivation of the 
five main crops being investigated if crop water requirements of up to 50mm are met (Figure 
3). With the exception of sorghum in which most of the land area is assessed to be suitable for 
rain-fed agriculture in the baseline, all other crops are suitable for cultivation on >80 percent of 
the land given irrigation of up to 50mm (Figure 3). The potential area for the cultivation of 
crops under non-water stressed conditions given crop water satisfaction of both 50mm – 
100mm and >100mm is low (Figure 3). This area increases however for all crops under the A1B 
and A2 scenarios relative to the baseline (Figure 4). With the exception of potato and beans in 
the A2 and A1B scenarios, less that 10 percent of the total area of Cameroons savanna will 
require irrigation of > 50 mm for the cultivation of any of the five crops. 
 
 
Fig. 4. Crop water requirements for all crops and scenarios. 
Crop water requirements under different scenarios will however be different for different 
crops. Water requirements increase for all crops in the A1B scenario with the exception of 
sorghum (Figure 4). In the A2 scenario on the other hand, water requirements are appreciably 
higher for bean and potato, but generally high for all crops (including sorghum). Such 
requirements fall in the B1 scenario relative to the baseline for all crops (Figure 4). 
7. Implications for agricultural planning and the drive towards sustainable 
agriculture 
Concerns over human-induced land degradation, including a large-scale decline in soil fertility 
by ‘soil mining’ especially in sub-Saharan Africa have been raised (Mokwunye et al. 1996). The 
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impact of climate change on the potential area for rain-fed agriculture will likely compound 
these challenges. Population growth, increase of urbanization and associated changes in 
dietary preferences contribute to increasing the production pressure on African agriculture. 
These challenges contribute to imposing substantial pressure for the transformation of 
agriculture in Sub-Saharan Africa. The impetus for such transformation will likely be the 
pressure of shrinking agricultural land in a continent whose demography and economics is 
arguably poised to transform significantly in the next few decades (Sanchez et al. 2009, 
Sánchez 2010). Evidence of such Boserupian drivers of change has been reported in many 
cases of agricultural transformations (Boserup and Kaldor 2005, Demont et al. 2007). Studies 
already point to the possibility of tripling yields per hectare with investments in the 
appropriate combination of governance and material resources within a framework of a strong 
commitment to sustainable organic agriculture (Sanchez et al. 2009, Sánchez 2010). 
Priorities at national and regional level  
The adoption of sustainable systems of agricultural intensification may therefore be 
necessary to meet the numerous food production challenges associated with this 
transformation (Davies and Chaves 2010). While some of such technologies like crop residue 
management, improved fallow, agro-forestry and others have proven successful in many 
parts of the world, their success in Africa will be seriously influenced by many of the 
peculiar socio-economic and political realities of this region (Yengoh et al. 2009).   
The drive towards sustainable intensification is urged as an approach which can permit the 
more sustainable use of resources in agriculture, giving rise to higher water use efficiencies, 
more sustainable nutrient management, optimal use of available agricultural land and 
others (Baulcombe et al. 2009, Williams 2009). The attainment of sustainable implementation 
as a means of adapting to the need to increase food production while meeting challenges 
imposed by global environmental changes, changes in human demographics and culinary 
preferences also demand addressing non-biophysical challenges of small-scale farmers. The 
attainment of sustainable intensification calls for the dissemination and support for tested 
practices of sustainable agriculture (Table 1) which respond to the social, economic and 
cultural realities of would-be practitioners. For small-scale farmers in Sub-Saharan Africa, it 
also entails addressing problems associated with the economic and social context within 
which agriculture is practiced. Such measures should ideally address three key issues: 
- Make agriculture profitable enough for farmers to be able to afford alternative means of 
fertilization, farm clearing and the provision of forage for livestock. 
- Provide affordable access to the resources and information necessary for adapting more 
sustainable techniques in agriculture. 
-  Develop agricultural governance structures at local level and ensure their effectiveness 
by eliminating setbacks like corruption and administrative red-tape in the 
implementation of sustainable agriculture projects. 
Priorities at farm level 
Besides an increase in atmospheric temperatures of between 1.4oC to 5.8oC, climate change is 
expected to bring greater variability in some climatic event that are important for food crop 
production (IPCC 2007). These include events such as the increased frequency of short 
episodes of extreme temperatures increases and associated stresses to crops (IPCC 2007). 
Farmers may have to revise their structure of decision-making to accommodate an 
increasingly variable climate. There will be a need for resilience in decision-making with 
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regards to choice of crop-types to cultivate on a season-to-season basis, the timing of farm 
operations, the choice of systems to improve water availability and use, method of erosion 
control, and other production-related decisions. Short- and medium-term decisions on food 
production would have to be made on-the-fly based on weather and climate forecasts in a 








- Optimize benefits from 
multifunctional uses of crop 
residues 
- Improve soil organic matter 
Naturally decaying residues improve 
soil organic matter structure and 
content (Moyin-Jesu 2007). Residues 
may serve other purposes like being 
used for animal feed or straw 
Agro-forestry - Introduce multifunctional trees 
into agro-ecosystems 
- Improve agro-ecosystem resilience
Agricultural risk is diversified as 
agro-ecosystems become more 
resilient (Wojtkowski 2008). The 
system offers other needed products 
besides food like firewood & forage. It 
is effective in restoring disturbed land 
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longer periods 
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efficiency 
Minimizes the problem of increasing 
scarcity of water for agricultural 
purposes and improves water 





- Control pests and diseases
- Minimize/eliminate the use of 
pesticides 
Increases agricultural biodiversity 
both in the soil and above ground. 
Reduces the risk of environmental 
pollution from pesticide use 




- Generate nutrients within farm 
systems 
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on external nutrient sources 
Plant residue can become inputs into 
composting systems for organic 
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- Improve on the flow of 
biogeochemicals
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Livestock 
integration 
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- Improve the system & efficiency of 
nutrient cycling & flows
Creates a system that is less 
dependent on outside sources of 
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- Conserve soil structure
- Conserve the top soil & soil organic 
matter
Sustains soil fertility and productivity 
(Baulcombe et al. 2009) 
 
Table 1. The contribution of sustainable agricultural practices in enhancing farmland 
productivity among small-scale farmers. 
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8. Implications for the vulnerability of small-scale farmers 
Climate change is expected to increase global net crop irrigation requirements by 5-8 percent 
by 2070, with considerable regional variation (Döll 2002). The vulnerability of agriculture, 
like most other sectors in Sub-Saharan Africa is aggravated by the interaction of multiple 
stressors affecting the sector at different levels (Boko 2007). The estimated increase of 5 – 8 
percent in the proportion of arid and semi-arid lands on the continent (Boko 2007) points to 
a future with reduced input of precipitation especially for the savanna regions which buffer 
the already dry African Sahel. The situation in Cameroon’s savanna zone is a mirror of what 
can be found in many parts of the continent. Small-scale farmers continue to practice food 
production notwithstanding the reduction in yields imposed by water stress. While semi-
arid conditions are already imposing challenging conditions for food production among 
many small-scale farmers, it is estimated that yield reductions of up to 50 percent may be 
experienced by 2020 (Boko 2007). Studies warn of impending global problems associated to 
food security and access to water if appropriate action is taken to improve water 
management and increase water use efficiency (Falkenmark and Rockström 2008, Ringler et 
al. 2010). 
Stagnation in land and agricultural productivity in sub-Saharan Africa, and hence the slow 
drive towards attaining food security goals is attributed to two main factors: lack of 
expansion of area under irrigation and limited use of chemical fertilizers (De Janvry 2009, 
Jayne et al. 2010). While the donor community aspires to replicate the success of irrigation 
projects from other regions of the world to benefit agriculture in Sub-Saharan Africa, the 
scale of need involves overcoming some huge challenges. These include issues related to the 
choice of technology, competition for water between sectors, a relative lack of water 
management expertise, the cost of maintaining and replacing worn out equipment; 
uncertain markets and related barriers; and the uncertainties of Sub‐Saharan African 
weather (Lankford 2009). 
At the level of farmers, adaptation may take the form of either changing or increasing their 
use of farm inputs with which they are already familiar (factor substitution), or adopt new 
technologies and production methods through a learning process (Binswanger and Pingali 
1988). The availability of new technology does not however mean instant adoption. The 
process of technology adoption among small-holder farmers in Sub-Saharan Africa is a 
complex one involving the interplay of many complex drivers (Yengoh et al. 2009). The 
effects of adaptation to climate change on yields are expected to be different for different 
regions. With adaptation in the low latitudes, the yields of maize, wheat and rice maintains 
at current levels given temperature changes of +1 to +2oC. At changes of +2 to +3oC, 
adaptation maintains yields of all crops above baseline. At this range, yields drop below 
baseline for all crops without adaptation. At changes of +3 to +5oC, yields of major crops 
like maize and wheat are reduced below baseline regardless of adaptation, but adaptation 
maintains rice yield at baseline levels (Easterling et al. 2007). 
9. Equipping small-scale farming systems in savanna regions of Sub-
Saharan Africa to face challenges of climate change and variability 
The challenge of equipping small-scale, farming communities to face agricultural water 
shortages resulting from climate entails developing a mitigation portfolio which addresses 
key aspects of mitigation preparedness. These key components are access to appropriate 
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resources, the presence of a clearly thought out strategy, at cooperation in information 
development, knowledge and skill sharing (Figure 5). These components are essential in 
addressing key social, economic and knowledge gaps of small-scale farming communities in 





Fig. 5. Components of climate change adaptation portfolio for small-scale farming systems 
in savanna zones of Sub-Saharan Africa. 
In Cameroon and many countries in the regions, a number of obstacles challenge the 
development of each of the components in this climate change mitigation portfolio. 
1. Resources: 
Access to financial, institutional, social and information resources are necessary to plan, 
implement and sustain adaptation efforts. Financial resources are inadequate, and 
investment in credit systems for small-scale farmers or development of rural 
infrastructure is limited. The absence of a strong legal system breeds and perpetuates 
the proliferation of corruption and lack of public accountability at different levels of 
governance. Where political instability prevails, resources cannot be marshaled for 
purposes of enhancing mitigation, since people strive to survive on a day to day basis. 
While many Cameroonians increasingly question the fairness and representation of the 
democratic in their country, Cameroon has remained an island of relative peace in a 
continent troubled by many different forms of political strife. The land tenure system 
remains largely based on traditional cultures with small-scale farmers having virtually 
no formalized rights to landed property their families have owned for several 
generations. Social safety nets are very limited and reduce risk-taking in production 
decisions among small-scale farmers. 
2. Strategy: 
The importance, urgency and scale of threats posed by climate change on agriculture 
demands careful strategizing. Strategies should develop a clear road-map which 
addresses different scales and factors for achieving desired mitigation goals. They 
should also address the distribution of responsibilities and identify projects to meet 
desired short- and long-term objectives. There is need to prioritize projects and 
activities towards attaining the desired level of mitigation based on the availability of 
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8. Implications for the vulnerability of small-scale farmers 
Climate change is expected to increase global net crop irrigation requirements by 5-8 percent 
by 2070, with considerable regional variation (Döll 2002). The vulnerability of agriculture, 
like most other sectors in Sub-Saharan Africa is aggravated by the interaction of multiple 
stressors affecting the sector at different levels (Boko 2007). The estimated increase of 5 – 8 
percent in the proportion of arid and semi-arid lands on the continent (Boko 2007) points to 
a future with reduced input of precipitation especially for the savanna regions which buffer 
the already dry African Sahel. The situation in Cameroon’s savanna zone is a mirror of what 
can be found in many parts of the continent. Small-scale farmers continue to practice food 
production notwithstanding the reduction in yields imposed by water stress. While semi-
arid conditions are already imposing challenging conditions for food production among 
many small-scale farmers, it is estimated that yield reductions of up to 50 percent may be 
experienced by 2020 (Boko 2007). Studies warn of impending global problems associated to 
food security and access to water if appropriate action is taken to improve water 
management and increase water use efficiency (Falkenmark and Rockström 2008, Ringler et 
al. 2010). 
Stagnation in land and agricultural productivity in sub-Saharan Africa, and hence the slow 
drive towards attaining food security goals is attributed to two main factors: lack of 
expansion of area under irrigation and limited use of chemical fertilizers (De Janvry 2009, 
Jayne et al. 2010). While the donor community aspires to replicate the success of irrigation 
projects from other regions of the world to benefit agriculture in Sub-Saharan Africa, the 
scale of need involves overcoming some huge challenges. These include issues related to the 
choice of technology, competition for water between sectors, a relative lack of water 
management expertise, the cost of maintaining and replacing worn out equipment; 
uncertain markets and related barriers; and the uncertainties of Sub‐Saharan African 
weather (Lankford 2009). 
At the level of farmers, adaptation may take the form of either changing or increasing their 
use of farm inputs with which they are already familiar (factor substitution), or adopt new 
technologies and production methods through a learning process (Binswanger and Pingali 
1988). The availability of new technology does not however mean instant adoption. The 
process of technology adoption among small-holder farmers in Sub-Saharan Africa is a 
complex one involving the interplay of many complex drivers (Yengoh et al. 2009). The 
effects of adaptation to climate change on yields are expected to be different for different 
regions. With adaptation in the low latitudes, the yields of maize, wheat and rice maintains 
at current levels given temperature changes of +1 to +2oC. At changes of +2 to +3oC, 
adaptation maintains yields of all crops above baseline. At this range, yields drop below 
baseline for all crops without adaptation. At changes of +3 to +5oC, yields of major crops 
like maize and wheat are reduced below baseline regardless of adaptation, but adaptation 
maintains rice yield at baseline levels (Easterling et al. 2007). 
9. Equipping small-scale farming systems in savanna regions of Sub-
Saharan Africa to face challenges of climate change and variability 
The challenge of equipping small-scale, farming communities to face agricultural water 
shortages resulting from climate entails developing a mitigation portfolio which addresses 
key aspects of mitigation preparedness. These key components are access to appropriate 
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resources, the presence of a clearly thought out strategy, at cooperation in information 
development, knowledge and skill sharing (Figure 5). These components are essential in 
addressing key social, economic and knowledge gaps of small-scale farming communities in 





Fig. 5. Components of climate change adaptation portfolio for small-scale farming systems 
in savanna zones of Sub-Saharan Africa. 
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2. Strategy: 
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should also address the distribution of responsibilities and identify projects to meet 
desired short- and long-term objectives. There is need to prioritize projects and 
activities towards attaining the desired level of mitigation based on the availability of 
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human and technological resources. Agricultural policies in OECD countries are seen to 
damage agricultural production in developing countries. Small-scale farmers in 
developing countries are unlikely grow and attain different goals of sustainability if 
they continue to compete subsidized products from the developed world. 
Notwithstanding the insufficiencies of small-scale farming systems in Sub-Saharan 
Africa, world trade reform in some crops stand a good chance of benefiting many of the 
small-scale farmers of the region (Jayne et al. 2010). A level of protection for the small-
scale farmers is needed in the face of subsidies of agricultural products from the 
developed world to create an environment in which small-scale farmers can expand 
their output, profits and viability. 
3. Cooperation: 
Cooperation between regions and cultures in sharing experiences and knowledge on 
different aspects of mitigation can be very useful (Yengoh et al. 2010). In order to meet 
the challenge of integrating different sectors that relate to and influence small-scale 
farming systems, there is need for cooperation across disciplines and socio-economic 
sectors. A bottom-up approach ensures that the outcomes of climate change mitigation 
efforts respond to the needs of those truly in need (the small-scale farmers at local 
level). The need for cooperation at international level in knowledge development and 
resources transfer has been raised as important in assisting systems of developing 
countries in their drive towards developing mitigation strategies and adapting to 
climate change. 
10. Conclusion 
Cameroon’s savanna regions do not offer the full potential for rain-fed production for 
some of the crops studied in this area. In the baseline scenario, the potential is especially 
low for potatoes, groundnuts and beans, and relatively high for sorghum and maize. This 
potential area for rain-fed production falls considerably for sorghum and maize by 2050 in 
the A2, A1B and B1 SRES scenarios relative to the baseline (1961-1990). By meeting crop 
water requirements of up to 50 mm the greatest amount of area in which maximum 
obtainable yields (in the absence of water stress) can be expected for all crops studied is 
achieved in all SRES scenarios. Mean yield reduction due to soil moisture stress is greatest 
for potato, maize and bean, especially in the A2 and A1B scenarios. National and regional 
level planning should accelerate the process of introducing and up-scaling tested 
processes and practices of agricultural intensification. At the farm level, decision-making 
should become more resilient, capable of changing at short and medium scales to 
accommodate new climate related adaptive imperatives.  The adaptation portfolio of 
small-scale farmers in Cameroon’s savanna regions should comprise of three groups of 
components: the necessary resources for adaptation, a clear strategy of response with 
carefully shared responsibilities for meeting prioritized targets, and an indispensable 
cooperation strategy. 
11. Supplementary material 
Appendix 1. Descriptive statistical table of yield reduction due to soil moisture stress for the 
study region. It is expressed as a percentage of the maximum production achievable in the 
area under optimal conditions. 
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Baseline Scenario Minimum Maximum Mean Median Standard Deviation Standard Error 
 Bean 0.0 19.2 0.8 0.0 3.8 0.8 
 Groundnut 0.0 16.4 0.8 0.0 3.4 0.7 
 Maize 0.0 16.0 0.6 0.0 3.2 0.6 
 Potato 0.0 34.5 2.3 0.1 7.4 1.5 
 Sorghum 0.0 0.0 0.0 0.0 0.0 0.0 
Scenario A1B 
 Bean 0.0 36.7 3.4 0.0 9.8 2.0 
 Groundnut 0.0 16.7 1.4 0.0 4.4 0.9 
 Maize 0.0 25.1 2.0 0.0 6.3 1.3 
 Potato 0.0 35.4 4.1 0.2 9.6 1.9 
 Sorghum 0.0 9.1 0.6 0.0 2.1 0.4 
Scenario A2 
 Bean 0.0 55.1 7.2 0.0 15.6 3.1 
 Groundnut 0.0 27.2 3.2 0.0 7.5 1.5 
 Maize 0.0 45.8 4.6 0.0 12.3 2.5 
 Potato 0.0 50.4 7.7 0.1 14.8 3.0 
 Sorghum 0.0 23.4 1.9 0.0 5.9 1.2 
Scenario B1 
 Bean 0.0 9.5 0.6 0.0 2.1 0.4 
 Groundnut 0.0 3.6 0.2 0.0 0.8 0.2 
 Maize 0.0 0.2 0.0 0.0 0.0 0.0 
 Potato 0.0 15.3 1.5 0.1 3.7 0.7 
 Sorghum 0.0 0.0 0.0 0.0 0.0 0.0 
 
Appendix 2. Combined maps of potential area for the cultivation of different crops given 
different crop water requirements (derived from interpolation). 
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Appendix 3. Data derived from modeling and used for interpolation for all crops and all 
stations. 
 
Location         Crop
Crop Water Requirements (mm) Yield Reduction (%) 
Baseline A1B A2 B1 Baseline A1B A2 B1 
Yagoua  
 
Lat: 10,33  
Long: 15.23 
Beans 0,7 50,4 131,9 4,8 0,0 0,2 13,3 0,0 
Groundnuts 17,7 30,8 104,0 5,4 0,0 0,0 4,3 0,0 
Maize 0,3 29,8 96,6 0,0 0,0 0,0 1,4 0,0 
Potato 21,3 55,6 134,4 10,1 0,7 3,7 17,1 1,0 





Beans 0,0 9,2 44,5 1,3 0,0 0,0 0,0 0,0 
Groundnuts 0,0 3,5 24,2 1,9 0,0 0,0 0,0 0,0 
Maize 0,0 0,8 30,6 0,0 0,0 0,0 0,0 0,0 
Potato 2,4 7,1 43,3 3,6 0,6 1,2 1,7 0,7 




Beans 0,3 0,0 4,9 1,3 0,0 0,0 0,0 0,0 
Groundnuts 0,0 3,5 2,5 1,9 0,0 0,0 0,0 0,0 
Maize 0,0 0,0 4,5 0,0 0,0 0,0 0,0 0,0 
Potato 2,5 4,5 3,2 2,4 0,7 1,2 0,0 0,7 




Beans 0,0 64,6 152,4 6,3 0,0 2,1 20,3 0,0 
Groundnuts 14,2 42,5 123,2 7,1 0,0 0,1 8,0 0,0 
Maize 0,0 40,7 117,4 0,8 0,0 0,0 7,6 0,0 
Potato 19,9 72,9 156,8 14,1 0,5 6,5 23,0 1,0 




Beans 0,0 28,8 97,3 1,5 0,0 0,0 3,2 0,0 
Groundnuts 15,0 13,2 68,8 2,4 0,0 0,0 0,1 0,0 
Maize 0,0 14,6 64,8 0,0 0,0 0,0 0,0 0,0 
Potato 20,8 27,8 101,2 7,1 0,0 1,7 8,9 0,8 




Beans 0,3 31,5 109,9 3,5 0,0 0,0 6,8 0,0 
Groundnuts 9,5 14,5 82,7 4,1 0,0 0,0 1,0 0,0 
Maize 0,0 14,0 75,3 0,0 0,0 0,0 0,0 0,0 
Potato 14,7 32,0 112,5 8,7 0,7 1,5 11,9 0,9 




Beans 79,0 199,2 293,6 86,7 0,3 32,0 50,1 5,0 
Groundnuts 129,6 172,5 261,5 81,0 4,2 14,3 24,5 2,0 
Maize 87,2 156,2 251,6 50,5 0,0 20,2 40,3 0,0 
Potato 162,8 206,9 295,7 113,6 15,1 31,9 46,6 11,3 
Sorghum 55,7 118,9 200,3 31,8 0,0 5,7 19,3 0,0 
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Appendix 3. Data derived from modeling and used for interpolation for all crops and all 
stations. 
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Crop Water Requirements (mm) Yield Reduction (%) 
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Yagoua  
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Groundnuts 17,7 30,8 104,0 5,4 0,0 0,0 4,3 0,0 
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Potato 21,3 55,6 134,4 10,1 0,7 3,7 17,1 1,0 
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Maize 0,0 0,8 30,6 0,0 0,0 0,0 0,0 0,0 
Potato 2,4 7,1 43,3 3,6 0,6 1,2 1,7 0,7 




Beans 0,3 0,0 4,9 1,3 0,0 0,0 0,0 0,0 
Groundnuts 0,0 3,5 2,5 1,9 0,0 0,0 0,0 0,0 
Maize 0,0 0,0 4,5 0,0 0,0 0,0 0,0 0,0 
Potato 2,5 4,5 3,2 2,4 0,7 1,2 0,0 0,7 




Beans 0,0 64,6 152,4 6,3 0,0 2,1 20,3 0,0 
Groundnuts 14,2 42,5 123,2 7,1 0,0 0,1 8,0 0,0 
Maize 0,0 40,7 117,4 0,8 0,0 0,0 7,6 0,0 
Potato 19,9 72,9 156,8 14,1 0,5 6,5 23,0 1,0 




Beans 0,0 28,8 97,3 1,5 0,0 0,0 3,2 0,0 
Groundnuts 15,0 13,2 68,8 2,4 0,0 0,0 0,1 0,0 
Maize 0,0 14,6 64,8 0,0 0,0 0,0 0,0 0,0 
Potato 20,8 27,8 101,2 7,1 0,0 1,7 8,9 0,8 




Beans 0,3 31,5 109,9 3,5 0,0 0,0 6,8 0,0 
Groundnuts 9,5 14,5 82,7 4,1 0,0 0,0 1,0 0,0 
Maize 0,0 14,0 75,3 0,0 0,0 0,0 0,0 0,0 
Potato 14,7 32,0 112,5 8,7 0,7 1,5 11,9 0,9 




Beans 79,0 199,2 293,6 86,7 0,3 32,0 50,1 5,0 
Groundnuts 129,6 172,5 261,5 81,0 4,2 14,3 24,5 2,0 
Maize 87,2 156,2 251,6 50,5 0,0 20,2 40,3 0,0 
Potato 162,8 206,9 295,7 113,6 15,1 31,9 46,6 11,3 
Sorghum 55,7 118,9 200,3 31,8 0,0 5,7 19,3 0,0 
 




Beans 164,3 223,9 321,9 108,1 19,2 36,7 55,1 9,5 
Groundnuts 223,7 196,6 291,0 112,9 16,4 16,7 27,2 3,6 
Maize 183,2 179,9 278,9 72,7 16,0 25,1 45,8 0,2 
Potato 258,9 231,8 325,9 146,5 34,5 35,4 50,4 15,3 




Beans 46,3 125,2 218,8 30,3 0,0 14,2 31,1 0,0 
Groundnuts 62,3 99,2 185,1 17,2 0,0 5,0 13,8 0,0 
Maize 33,1 91,8 177,4 3,6 0,0 5,5 19,7 0,0 
Potato 92,6 134,8 220,8 44,8 3,0 17,0 31,0 4,2 




Beans 12,2 33,6 18,1 7,4 0,0 0,0 0,0 0,0 
Groundnuts 4,4 18,5 3,7 7,4 0,0 0,0 0,0 0,0 
Maize 7,8 15,1 5,6 5,6 0,0 0,0 0,0 0,0 
Potato 14,2 37,6 16,8 9,3 0,1 0,3 0,1 0,1 




Beans 0,0 2,0 1,6 4,7 0,0 0,0 0,0 0,0 
Groundnuts 3,4 2,6 1,6 4,7 0,0 0,0 0,0 0,0 
Maize 0,0 0,0 3,2 3,5 0,0 0,0 0,0 0,0 
Potato 4,3 3,4 2,0 5,8 0,0 0,0 0,0 0,0 




Beans 12,0 58,8 44,2 20,5 0,0 0,0 0,0 0,0 
Groundnuts 4,3 41,5 22,9 7,9 0,0 0,0 0,0 0,0 
Maize 7,6 34,5 25,5 8,0 0,0 0,0 0,0 0,0 
Potato 14,1 61,9 47,1 18,7 0,1 0,7 0,2 0,1 




Beans 0,0 2,1 1,6 4,5 0,0 0,0 0,0 0,0 
Groundnuts 3,3 2,7 1,6 4,5 0,0 0,0 0,0 0,0 
Maize 0,0 0,0 3,2 3,4 0,0 0,0 0,0 0,0 
Potato 4,2 3,4 2,0 5,7 0,0 0,0 0,0 0,0 




Beans 2,0 6,8 5,2 3,4 0,0 0,0 0,0 0,0 
Groundnuts 1,5 6,8 5,2 3,4 0,0 0,0 0,0 0,0 
Maize 0,0 5,1 3,9 3,5 0,0 0,0 0,0 0,0 
Potato 1,9 8,5 6,5 4,2 0,0 0,0 0,0 0,0 




Beans 0,0 5,8 2,1 6,0 0,0 0,0 0,0 0,0 
Groundnuts 4,0 5,7 2,1 6,0 0,0 0,0 0,0 0,0 
Maize 0,0 0,0 4,0 4,5 0,0 0,0 0,0 0,0 
Potato 4,9 9,7 2,6 7,5 0,0 0,0 0,0 0,0 
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Beans 27,3 27,1 15,7 8,9 0,0 0,0 0,0 0,0 
Groundnuts 12,3 12,6 3,2 7,6 0,0 0,0 0,0 0,0 
Maize 18,7 11,4 7,0 5,7 0,0 0,0 0,0 0,0 
Potato 26,8 25,0 8,1 9,5 0,1 0,2 0,1 0,0 




Beans 27,1 57,6 40,7 15,7 0,0 0,0 0,0 0,0 
Groundnuts 12,4 38,6 17,9 8,3 0,0 0,0 0,0 0,0 
Maize 18,5 30,4 20,0 5,8 0,0 0,0 0,0 0,0 
Potato 26,6 62,7 44,6 16,5 0,1 0,8 0,3 0,1 




Beans 0,0 11,9 4,3 7,0 0,0 0,0 0,0 0,0 
Groundnuts 4,1 5,5 2,4 7,0 0,0 0,0 0,0 0,0 
Maize 0,0 0,0 4,2 5,3 0,0 0,0 0,0 0,0 
Potato 5,1 11,3 3,0 8,8 0,1 0,1 0,0 0,0 




Beans 12,7 29,2 17,9 7,6 0,0 0,0 0,0 0,0 
Groundnuts 4,7 13,8 2,5 7,4 0,0 0,0 0,0 0,0 
Maize 8,2 12,3 6,4 5,6 0,0 0,0 0,0 0,0 
Potato 14,6 28,4 11,6 9,3 0,1 0,0 0,1 0,1 




Beans 2,1 6,3 4,6 3,1 0,0 0,0 0,0 0,0 
Groundnuts 1,6 6,3 4,6 3,1 0,0 0,0 0,0 0,0 
Maize 0,0 4,7 3,5 3,3 0,0 0,0 0,0 0,0 
Potato 2,0 7,9 5,8 3,9 0,0 0,0 0,0 0,0 




Beans 2,1 6,4 4,8 3,2 0,0 0,0 0,0 0,0 
Groundnuts 1,5 6,4 4,8 3,2 0,0 0,0 0,0 0,0 
Maize 0,0 4,8 3,6 3,4 0,0 0,0 0,0 0,0 
Potato 3,5 8,0 6,0 3,9 0,0 0,0 0,0 0,0 




Beans 2,4 7,2 5,8 3,6 0,0 0,0 0,0 0,0 
Groundnuts 2,0 7,2 5,8 3,6 0,0 0,0 0,0 0,0 
Maize 0,0 5,4 4,3 3,7 0,0 0,0 0,0 0,0 
Potato 5,4 9,0 7,2 4,5 0,0 0,0 0,0 0,0 




Beans 4,6 7,4 6,4 3,7 0,0 0,0 0,0 0,0 
Groundnuts 4,2 7,4 6,4 3,7 0,0 0,0 0,0 0,0 
Maize 0,0 5,6 4,4 3,7 0,0 0,0 0,0 0,0 
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Groundnuts 223,7 196,6 291,0 112,9 16,4 16,7 27,2 3,6 
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Potato 258,9 231,8 325,9 146,5 34,5 35,4 50,4 15,3 




Beans 46,3 125,2 218,8 30,3 0,0 14,2 31,1 0,0 
Groundnuts 62,3 99,2 185,1 17,2 0,0 5,0 13,8 0,0 
Maize 33,1 91,8 177,4 3,6 0,0 5,5 19,7 0,0 
Potato 92,6 134,8 220,8 44,8 3,0 17,0 31,0 4,2 




Beans 12,2 33,6 18,1 7,4 0,0 0,0 0,0 0,0 
Groundnuts 4,4 18,5 3,7 7,4 0,0 0,0 0,0 0,0 
Maize 7,8 15,1 5,6 5,6 0,0 0,0 0,0 0,0 
Potato 14,2 37,6 16,8 9,3 0,1 0,3 0,1 0,1 




Beans 0,0 2,0 1,6 4,7 0,0 0,0 0,0 0,0 
Groundnuts 3,4 2,6 1,6 4,7 0,0 0,0 0,0 0,0 
Maize 0,0 0,0 3,2 3,5 0,0 0,0 0,0 0,0 
Potato 4,3 3,4 2,0 5,8 0,0 0,0 0,0 0,0 




Beans 12,0 58,8 44,2 20,5 0,0 0,0 0,0 0,0 
Groundnuts 4,3 41,5 22,9 7,9 0,0 0,0 0,0 0,0 
Maize 7,6 34,5 25,5 8,0 0,0 0,0 0,0 0,0 
Potato 14,1 61,9 47,1 18,7 0,1 0,7 0,2 0,1 




Beans 0,0 2,1 1,6 4,5 0,0 0,0 0,0 0,0 
Groundnuts 3,3 2,7 1,6 4,5 0,0 0,0 0,0 0,0 
Maize 0,0 0,0 3,2 3,4 0,0 0,0 0,0 0,0 
Potato 4,2 3,4 2,0 5,7 0,0 0,0 0,0 0,0 




Beans 2,0 6,8 5,2 3,4 0,0 0,0 0,0 0,0 
Groundnuts 1,5 6,8 5,2 3,4 0,0 0,0 0,0 0,0 
Maize 0,0 5,1 3,9 3,5 0,0 0,0 0,0 0,0 
Potato 1,9 8,5 6,5 4,2 0,0 0,0 0,0 0,0 




Beans 0,0 5,8 2,1 6,0 0,0 0,0 0,0 0,0 
Groundnuts 4,0 5,7 2,1 6,0 0,0 0,0 0,0 0,0 
Maize 0,0 0,0 4,0 4,5 0,0 0,0 0,0 0,0 
Potato 4,9 9,7 2,6 7,5 0,0 0,0 0,0 0,0 
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Beans 27,3 27,1 15,7 8,9 0,0 0,0 0,0 0,0 
Groundnuts 12,3 12,6 3,2 7,6 0,0 0,0 0,0 0,0 
Maize 18,7 11,4 7,0 5,7 0,0 0,0 0,0 0,0 
Potato 26,8 25,0 8,1 9,5 0,1 0,2 0,1 0,0 




Beans 27,1 57,6 40,7 15,7 0,0 0,0 0,0 0,0 
Groundnuts 12,4 38,6 17,9 8,3 0,0 0,0 0,0 0,0 
Maize 18,5 30,4 20,0 5,8 0,0 0,0 0,0 0,0 
Potato 26,6 62,7 44,6 16,5 0,1 0,8 0,3 0,1 




Beans 0,0 11,9 4,3 7,0 0,0 0,0 0,0 0,0 
Groundnuts 4,1 5,5 2,4 7,0 0,0 0,0 0,0 0,0 
Maize 0,0 0,0 4,2 5,3 0,0 0,0 0,0 0,0 
Potato 5,1 11,3 3,0 8,8 0,1 0,1 0,0 0,0 




Beans 12,7 29,2 17,9 7,6 0,0 0,0 0,0 0,0 
Groundnuts 4,7 13,8 2,5 7,4 0,0 0,0 0,0 0,0 
Maize 8,2 12,3 6,4 5,6 0,0 0,0 0,0 0,0 
Potato 14,6 28,4 11,6 9,3 0,1 0,0 0,1 0,1 




Beans 2,1 6,3 4,6 3,1 0,0 0,0 0,0 0,0 
Groundnuts 1,6 6,3 4,6 3,1 0,0 0,0 0,0 0,0 
Maize 0,0 4,7 3,5 3,3 0,0 0,0 0,0 0,0 
Potato 2,0 7,9 5,8 3,9 0,0 0,0 0,0 0,0 




Beans 2,1 6,4 4,8 3,2 0,0 0,0 0,0 0,0 
Groundnuts 1,5 6,4 4,8 3,2 0,0 0,0 0,0 0,0 
Maize 0,0 4,8 3,6 3,4 0,0 0,0 0,0 0,0 
Potato 3,5 8,0 6,0 3,9 0,0 0,0 0,0 0,0 




Beans 2,4 7,2 5,8 3,6 0,0 0,0 0,0 0,0 
Groundnuts 2,0 7,2 5,8 3,6 0,0 0,0 0,0 0,0 
Maize 0,0 5,4 4,3 3,7 0,0 0,0 0,0 0,0 
Potato 5,4 9,0 7,2 4,5 0,0 0,0 0,0 0,0 




Beans 4,6 7,4 6,4 3,7 0,0 0,0 0,0 0,0 
Groundnuts 4,2 7,4 6,4 3,7 0,0 0,0 0,0 0,0 
Maize 0,0 5,6 4,4 3,7 0,0 0,0 0,0 0,0 
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Potato 7,6 9,3 13,0 4,6 0,0 0,0 0,0 0,0 




Beans 2,7 7,2 5,7 3,5 0,0 0,0 0,0 0,0 
Groundnuts 2,3 7,2 5,7 3,5 0,0 0,0 0,0 0,0 
Maize 0,0 5,4 4,3 3,6 0,0 0,0 0,0 0,0 
Potato 5,7 9,0 7,1 4,4 0,0 0,0 0,0 0,0 




Beans 2,5 7,6 6,0 3,8 0,0 0,0 0,0 0,0 
Groundnuts 2,0 7,6 6,0 3,8 0,0 0,0 0,0 0,0 
Maize 0,0 5,7 4,5 3,8 0,0 0,0 0,0 0,0 
Potato 5,5 9,5 11,6 4,7 0,0 0,0 0,0 0,0 
Sorghum 0,0 5,7 4,5 3,8 0,0 0,0 0,0 0,0 
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Potato 7,6 9,3 13,0 4,6 0,0 0,0 0,0 0,0 




Beans 2,7 7,2 5,7 3,5 0,0 0,0 0,0 0,0 
Groundnuts 2,3 7,2 5,7 3,5 0,0 0,0 0,0 0,0 
Maize 0,0 5,4 4,3 3,6 0,0 0,0 0,0 0,0 
Potato 5,7 9,0 7,1 4,4 0,0 0,0 0,0 0,0 




Beans 2,5 7,6 6,0 3,8 0,0 0,0 0,0 0,0 
Groundnuts 2,0 7,6 6,0 3,8 0,0 0,0 0,0 0,0 
Maize 0,0 5,7 4,5 3,8 0,0 0,0 0,0 0,0 
Potato 5,5 9,5 11,6 4,7 0,0 0,0 0,0 0,0 
Sorghum 0,0 5,7 4,5 3,8 0,0 0,0 0,0 0,0 
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1. Introduction 
The expanding information on agroforestry research and development around the globe 
shows that agroforestry is being promoted and implemented as a means to improve 
agricultural production for smallholder farmers with limited labor, financial, and land 
capital (Ajayi et al., 2007).  In Africa, and particularly southern Africa, the main constraint to 
agricultural productivity is soil nutrient deficiency (Scoones & Toulmin, 1999; Sanchez et al., 
1997). For this reason, agroforestry research in the region has focused on soil fertility 
replenishment (SFR) technologies over the years and the adoption and scaling-up of these 
practices is the main thrust of the ongoing on farm research (Akinnifesi et al., 2008; 
Akinnifesi et al, 2010). SFR encompasses a range of agroforestry practices aimed at 
increasing crop productivity through growing trees (usually nitrogen-fixing), popularized 
as fertilizer tree systems, directly on agricultural land. Fertiliser tree systems involve soil 
fertility replenishment through on-farm management of nitrogen-fixing trees (Akinnifesi et 
al 2010; Mafongoya et al., 2006).  Fertiliser tree systems capitalise on biological N fixation by 
legumes to capture atmospheric N and make it available to crops.  Most importantly, is the 
growing of trees in intimate association with crops in space or time to benefit from 
complementarity of resource use (Akinnifesi et al., 2010; Gathumbi et al., 2002). The 
different fertiliser tree systems that have been developed and promoted in southern Africa 
(see Akinnifesi et al, 2008; 2010) over the last two decades are briefly discussed below. The 
type of soil fertility replenishment (SFR) or fertilizer tree system appropriate for a particular 
setting is determined by a battery of ecological and social factors. 
1.1 Intercropping 
Intercropping is the simultaneous cultivation of two or more crops on the same field; 
usually, involving maize as the main crop in southern Africa and other agronomic crops as 
risk crops. In agroforestry based intercropping systems, species such as pigeon pea (Cajanus 
cajan), Tephrosia vogelii, Faidherbia albida, Leucaena leucocephala, and Gliricidia sepium are 
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1. Introduction 
The expanding information on agroforestry research and development around the globe 
shows that agroforestry is being promoted and implemented as a means to improve 
agricultural production for smallholder farmers with limited labor, financial, and land 
capital (Ajayi et al., 2007).  In Africa, and particularly southern Africa, the main constraint to 
agricultural productivity is soil nutrient deficiency (Scoones & Toulmin, 1999; Sanchez et al., 
1997). For this reason, agroforestry research in the region has focused on soil fertility 
replenishment (SFR) technologies over the years and the adoption and scaling-up of these 
practices is the main thrust of the ongoing on farm research (Akinnifesi et al., 2008; 
Akinnifesi et al, 2010). SFR encompasses a range of agroforestry practices aimed at 
increasing crop productivity through growing trees (usually nitrogen-fixing), popularized 
as fertilizer tree systems, directly on agricultural land. Fertiliser tree systems involve soil 
fertility replenishment through on-farm management of nitrogen-fixing trees (Akinnifesi et 
al 2010; Mafongoya et al., 2006).  Fertiliser tree systems capitalise on biological N fixation by 
legumes to capture atmospheric N and make it available to crops.  Most importantly, is the 
growing of trees in intimate association with crops in space or time to benefit from 
complementarity of resource use (Akinnifesi et al., 2010; Gathumbi et al., 2002). The 
different fertiliser tree systems that have been developed and promoted in southern Africa 
(see Akinnifesi et al, 2008; 2010) over the last two decades are briefly discussed below. The 
type of soil fertility replenishment (SFR) or fertilizer tree system appropriate for a particular 
setting is determined by a battery of ecological and social factors. 
1.1 Intercropping 
Intercropping is the simultaneous cultivation of two or more crops on the same field; 
usually, involving maize as the main crop in southern Africa and other agronomic crops as 
risk crops. In agroforestry based intercropping systems, species such as pigeon pea (Cajanus 
cajan), Tephrosia vogelii, Faidherbia albida, Leucaena leucocephala, and Gliricidia sepium are 
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prominent. Gliricidia is a coppicing legume native to Central America with a foliage nitrogen 
content of up to 4% (Kwesiga et al., 2003). It is currently being used in the intercropping 
technologies throughout southern Africa (Böhringer, 2001; Chirwa et al. 2003). In the 
intercropping system, Gliricidia is planted along with the maize crop. The trees are pruned at 
crop planting and again at first weeding and the pruned biomass is incorporated into the 
soil. The advantage of this system is that, because of its coppicing ability, the trees can be 
maintained for 15 to 20 years (Akinnifesi et al., 2007), eliminating the need to plant each 
year, as is the case in the relay cropping system. However, it takes 2 to 3 seasons of 
intercropping before there is a significant positive response in maize yield (Böhringer, 2001; 
Chirwa et al., 2003) and the technology is labor intensive because of the required pruning 
(Kwesiga et al., 2003). 
The benefits of intercropping on maize yields have proved to be highly substantial. 
Akinnifesi et al. (2006) reported soil fertility levels in Gliricidia/maize systems to be 
significantly greater than sole maize. In the second cropping season, maize yields in the 
intercropping plots were twice that of sole maize plots. Additionally, maize yields in the 
intercropping systems maintained an average of 3.8 MT ha-¹ over a ten year period, 
compared to an average 1.2 MT ha-¹ in the sole maize plots (Akinnifesi et al., 2006). Results 
from Makoka Research Station in southern Malawi showed that by the fourth year, maize 
yields in the intercropping system were double those of the controls (sole maize) (Kwesiga 
et al., 2003). Table 1, adapted from Kwesiga et al. (2003), illustrates the potential yield 






1992-1993 1993-1994 1994-1995 1995-1996 1996-1997 
 SM G/M SM G/M SM G/M SM G/M SM G/M 
MT ha ֿ◌¹ 
0 2.0 1.60 1.20 2.50 1.10 2.10 1.07 4.72 0.56 3.28 
25 3.4 3.10 1.60 3.00 2.20 2.90 3.49 6.34 2.11 4.23 
50 4.2 4.00 2.40 3.20 2.40 2.90 4.23 6.70 1.89 4.39 
SM=sole maize, G/M= Gliricida/maize intercropping recommended fertilizer rates: 96 kg N and 40 kg 
P ha ֿ◌¹. 
Source: Kwesiga, et al., 2003  
Table 1. Maize grain yields from a Gliricidia/maize intercropping system with different 
levels of fertilizer from 1992 to 1997 at Makoka, Malawi.  
1.2 Relay cropping 
Relay cropping is a system whereby nitrogen-fixing trees, shrubs, or legumes such as 
Sesbania sesban, Tephrosia vogelii, S. macrantha, Crotalaria spp., or perennial pigeon pea 
(Cajanus cajan), are grown as annuals and planted 3 to 5 weeks after the food crop. 
Staggering, or relaying, the agroforestry species and crop plantings reduces competition 
(Akinnifesi et al., 2007; Kwesiga et al., 2003). The agroforestry species are allowed to grow 
and develop beyond the main crop harvest. At the beginning of the, second season they are 
felled and the woody stems are collected for use as fuel while the remaining biomass is 
incorporated into the soil as green manure. Early reports reviewed by Snapp et al., (1998) 
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indicated that after 10 months of growth, Sesbania produced 30 to 60 kg N ha-¹ and 2 to 3 MT 
ha ֿ◌¹ of leafy biomass, plus valuable fuelwood from the stems. In southern Malawi, Phiri et 
al., (1999) found a significant influence of Sesbania relay cropping on maize yields at various 
landscape positions. In another study, tree biomass production averaged 1 to 2.5 MT ha ֿ◌¹ 
for T. vogelii, and 1.8 to 4.0 MT ha ֿ◌¹ for S. sesban and a corresponding average maize grain 
yield of 2 MT ha ֿ◌¹ (Kwesiga et al., 2003). Relay cropping is suitable for areas of high 
population density and small farm sizes because it does not require farmers to sacrifice land 
to fallow. The drawback of this system is that the trees are felled and must therefore be re-
planted each year. Furthermore, the technology relies on late-season rainfall in order for the 
trees to become fully established (Böhringer, 2001). 
1.3 Improved fallow 
Traditionally, farmers practiced rotational cultivation and allowed agricultural plots to lie in 
fallow for several years in order to replenish soil nutrients (Kanyama-Phiri et al., 2000; 
Snapp et al., 1998). With increasing populations and decreasing land holdings, many 
smallholder farmers can no longer afford to remove land from cultivation. For this reason, 
improved fallow technology has emerged as a promising alternative to traditional fallows. 
In an improved fallow, fast-growing, nitrogen fixing species such as Sesbania sesban , 
Tephrosia vogelii, Gliricidia sepium,  and Leucaena leucocephala are grown for 2 to 3 years in the 
fallow plot after which, they are felled. The leaf matter can then be incorporated into the soil 
as green manure, and the woody stems can be used for fuel wood or construction materials. 
Farmers have also intensified this practice by intercropping during the first year of tree 
growth (Böhringer, 2001). Improved fallows are being used extensively in Eastern Zambia 
(Ajayi & Kwesiga, 2003; Ajayi et al., 2003) as well as in parts of Malawi, Kenya, Zimbabwe, 
and Tanzania (Kwesiga et al., 2003; Place et al., 2003). Improved fallows are perhaps the most 
widely adopted SFR practice in southern Africa. Kwesiga et al. (2003) estimated that by 1998 
over 14 000 farmers were experimenting with improved fallows in eastern Zambia, and that 
by 2006 a total of 400 000 farmers in southern Africa would be using the technology. In trials 
at Chipata, Zambia, maize yields increased from 2.0 MT ha ֿ◌¹ in an un-fallowed plot to 5.6 
MT ha ֿ◌¹ after a 2 year S. sesban fallow (Kwesiga et al., 2003). The same study also reported 
yield increases of 191% after a 2 year T. vogelii fallow and a 155% yield increase following a 2 
year fallow with C. cajan (Kwesiga et al., 2003). Despite the shorter fallow period, compared 
to traditional fallows, the success of improved fallow technology depends, in part, on the 
farmer’s ability to remove land from crop production for a period of 2 to 3 years. In places 
where landholdings are small, fallows may not be a viable option for farmers. Other 
constraints include water availability, especially during tree establishment, and pests in the 
case of Sesbania (Böhringer, 2001). For this reason, intercropping and relay cropping have 
become the dominant SFR practices in central and southern Malawi (Kwesiga et al., 2003; 
Thangata & Alavalapati, 2003). 
1.4 Biomass transfer 
In the biomass transfer technology, green manure is mulched and/or incorporated into 
agricultural soils. Biomass transfer is common in Zimbabwe, Tanzania, western Kenya, and 
northern Zambia where green biomass is grown in dambos (shallow, seasonally waterlogged 
wetlands) or on sloping land and areas that are unsuitable for agricultural production and 
where labor is not a limiting factor (Kwesiga et al., 2003; Place et al., 2003). The technology is 
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(Cajanus cajan), are grown as annuals and planted 3 to 5 weeks after the food crop. 
Staggering, or relaying, the agroforestry species and crop plantings reduces competition 
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and develop beyond the main crop harvest. At the beginning of the, second season they are 
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indicated that after 10 months of growth, Sesbania produced 30 to 60 kg N ha-¹ and 2 to 3 MT 
ha ֿ◌¹ of leafy biomass, plus valuable fuelwood from the stems. In southern Malawi, Phiri et 
al., (1999) found a significant influence of Sesbania relay cropping on maize yields at various 
landscape positions. In another study, tree biomass production averaged 1 to 2.5 MT ha ֿ◌¹ 
for T. vogelii, and 1.8 to 4.0 MT ha ֿ◌¹ for S. sesban and a corresponding average maize grain 
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population density and small farm sizes because it does not require farmers to sacrifice land 
to fallow. The drawback of this system is that the trees are felled and must therefore be re-
planted each year. Furthermore, the technology relies on late-season rainfall in order for the 
trees to become fully established (Böhringer, 2001). 
1.3 Improved fallow 
Traditionally, farmers practiced rotational cultivation and allowed agricultural plots to lie in 
fallow for several years in order to replenish soil nutrients (Kanyama-Phiri et al., 2000; 
Snapp et al., 1998). With increasing populations and decreasing land holdings, many 
smallholder farmers can no longer afford to remove land from cultivation. For this reason, 
improved fallow technology has emerged as a promising alternative to traditional fallows. 
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Tephrosia vogelii, Gliricidia sepium,  and Leucaena leucocephala are grown for 2 to 3 years in the 
fallow plot after which, they are felled. The leaf matter can then be incorporated into the soil 
as green manure, and the woody stems can be used for fuel wood or construction materials. 
Farmers have also intensified this practice by intercropping during the first year of tree 
growth (Böhringer, 2001). Improved fallows are being used extensively in Eastern Zambia 
(Ajayi & Kwesiga, 2003; Ajayi et al., 2003) as well as in parts of Malawi, Kenya, Zimbabwe, 
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widely adopted SFR practice in southern Africa. Kwesiga et al. (2003) estimated that by 1998 
over 14 000 farmers were experimenting with improved fallows in eastern Zambia, and that 
by 2006 a total of 400 000 farmers in southern Africa would be using the technology. In trials 
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to traditional fallows, the success of improved fallow technology depends, in part, on the 
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where landholdings are small, fallows may not be a viable option for farmers. Other 
constraints include water availability, especially during tree establishment, and pests in the 
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In the biomass transfer technology, green manure is mulched and/or incorporated into 
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where labor is not a limiting factor (Kwesiga et al., 2003; Place et al., 2003). The technology is 
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labor intensive as the mulch must be collected, transported to the agricultural field, and then 
incorporated into the soils. The amount and cost of labor associated with biomass transfer is 
the major limiting factor to the technology (Kuntashula et al., 2004). The advantage of this 
technology is that it allows for continuous cultivation as the incorporated green manure 
provides sustained soil nutrient replenishment (Place et al., 2003). Typically, Tithonia 
diversifolia, Leucaena leucocephala, Senna spectabilis, Gliricidia sepium, and Tephrosia vogelii are 
the most prominent species used in biomass transfer systems (Place et al., 2003). The 
technology has been reported to increase maize yields by up to 114% (Place et al., 2003). A 
compilation of independent studies in Malawi showed that green manures increased maize 
yields by 115.8%, when compared to unfertilized maize (Ajayi et al., 2007). Similarly, Ajayi et 
al. (2007) reported that incorporating 3.4 MT ha ֿ◌¹ of dry weight of Gliricidia manure 
produced up to 3 MT ha ֿ◌¹ of maize. Aside from the common use in maize production, 
biomass transfer is an important technology used in dambo cultivation of high-value cash 
crops, such as vegetables (Kwesiga et al., 2003). In addition to soil fertility and increased 
crop production, agroforestry provides other ecological and economic products and services 
including, but not limited to: wood production, pest management, and carbon 
sequestration. 
1.5 Wood production for construction and energy 
One of the most important products of SFR, to the smallholder farmer, is woody biomass 
production. Wood, for both fuel and construction, is critical to the livelihoods of rural 
farmers. An estimated 85% of the rural population in developing countries depends on 
woodlands and forests to sustain their livelihoods (Dixon et al., 2001). As population 
pressures and deforestation rates increase, there is an increasing demand for wood, but a 
decreasing supply. In Tanzania, for example, deforestation rates caused by activities 
associated with agriculture, illegal harvesting, and expanding settlements have reached 
91 000 ha per year (Meghji, 2003). In Malawi, high population pressures have stressed the 
natural resources base, and especially the forest and woodland resources. The country’s 
wood demand was evaluated to exceed the available supply by one third (Malawi, 2002; 
MEAD, 2002). Additionally, Malawi’s forest cover decreased by 2.5 million ha between 1972 
and 1992 and the current rate of deforestation is approximately 2.8% per year (MEAD, 2002). 
As a result of these trends, those who rely on wood for fuel, construction, and other 
livelihood activities are spending more time collecting and transporting wood to the 
detriment of other important household activities. Considering that fertilizer tree systems  
have been shown to produce up to 10 MT of woody biomass per hectare (Kwesiga & Coe, 
1994), it is easy to see that the secondary benefit of wood production by agroforestry trees is 
an important, positive externality to these technologies. Two important species for wood 
production include Sesbania sesban and Gliricidia sepium. S. sesban produces a high volume 
of woody biomass in a short time, making it ideal for fuelwood production (AFT, 2008). In 
eastern Zambia, a Sesbania sesban improved fallow produced over 10 MT ha   ֿ◌ ¹ (Kwesiga et 
al., 1999). Kwesiga & Coe (1994) reported fuelwood harvests of 15 and 21 MT ha ֿ◌¹ 
following 2 and 3 year Sesbania fallows, respectively. Furthermore, Franzel et al. (2002) 
reported that a 2-year Sesbania fallow resulted in 15 MT of fuelwood. The woody biomass 
of Gliricidia sepium is suitable for both fuel and construction. As fuel, the wood of G. 
sepium burns slowly and with little smoke. Alternatively, the hard, durable wood is 
termite resistant and is used in fence, home, and tool construction (AFT, 2008). Chirwa et 
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al., (2003) reported that G. sepium, when grown in an unpruned woodlot, or as an 
improved fallow, produced 22 MT ha ֿ◌¹ yr   ֿ◌ ¹ of fuelwood. The same study reported 
fuelwood production amounts of 1 MT ha ֿ◌¹ after a 2 year Gliricida/maize intercrop and 
3.3 and 5.0 MT ha ֿ◌¹ after 3 years of Gliricida/maize/pigeon pea and Gliricidia/maize 
intercrop, respectively (Chirwa et al., 2003). A 5 year Gliricidia rotational woodlot in 
Tanzania was found to produce over 30 MT of woody biomass (Kimaro et al., 2007). 
Faidherbia albida and Leucaena leucocephala are two other SFR species planted in the 
southern Africa region that are managed for the dual purpose of soil fertility and woody 
biomass production (AFT, 2008). 
1.6 Environmental services  
1.6.1 Pest management 
Another added benefit to some SFR agroforestry species is a pest management quality. 
Striga (S. asiatica and S. hermonthica) is a parasitic plant that thrives in nutrient starved soils 
(Ajayi et al., 2007; Berner et al., 1995; Gacheru & Rao, 2001; Sileshi et al., 2008). It attacks 
several of the major food crops, including maize, millet, rice, and sorghum. Seedlings attach 
to the roots of the host plant where they continue to grow underground for four to seven 
weeks; it is during this period that they cause the most damage (Berner et al.¸ 1995). A single 
Striga plant can produce over 50 000 seeds and these seeds can remain viable in the soil for 
10 to 14 years (Berner et al., 1995; Gacheru & Rao, 2001). Yield losses of 32% to 50% and 18% 
to 42% from Striga infestations have been reported in on-station trials in Kenya and 
Tanzania, respectively (Massawe et al., 2001). For smallholder, subsistence farmers, losses 
can be up to 100% with heavy infestation (Berner et al., 1995; Gacheru & Rao, 2001; Massawe 
et al., 2001).  
High populations have necessitated the use of continuous cultivation. This leads to soil 
nutrient depletion and has caused an increase in the severity and spread of Striga 
infestations (Gacheru & Rao, 2001). Several agroforestry species have shown potential in 
combating Striga. For example, on moderately-infested sites in western Kenya, Desmodium 
distortum, Sesbania sesban, Sesbania cinerascuns, Crotalaria grahamiana, and Tephrosia vogelii 
fallows were found to decrease Striga by 40% to 72% and increase maize yields by 224% to 
316% when compared to continuous maize plots (Gacheru & Rao, 2005). Additionally, 
Kwesiga et al. (1999) found less than 6 Striga plants 100 m ֿ◌² following 3 year Sesbania fallows 
in two experiments from Zambia. This is in stark contrast to the 1532 and 195 Striga plants 
100 m ֿ◌² found in two experiments of continuously cultivated and unfertilized maize 
(Kwesiga et al., 1999).  
Tephrosia vogelii has also been found to be effective as both a repellant and insecticide against 
Callosobruchus maculates, the main pest infecting stored cowpea. In a laboratory study 
conducted by Boeke et al. (2004), beetles exposed to tubes treated with T. vogelii powder laid 
fewer eggs in the first 24 hour period than beetles in the control. The T. vogelii powder was 
also found to reduce the parent beetle lifespan (Boeke et al., 2004). Another study reported 
that the juice of T. vogelii was effective in managing maize stem borer (Chilo partellus) 
populations in southern Tanzania and northern Zambia (Abate et al., 2000). Similarly, in 
Uganda, the presence of T. vogelii plants in sweet potato fields was reported to protect the 
potatoes from mole and rat damage (Abate et al., 2000). The dry, crushed Tephrosia vogelii 
leaves are also documented to be effective against lice, fleas, tics, and as a molluscicide 
(AFT, 2008). 
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al., (2003) reported that G. sepium, when grown in an unpruned woodlot, or as an 
improved fallow, produced 22 MT ha ֿ◌¹ yr   ֿ◌ ¹ of fuelwood. The same study reported 
fuelwood production amounts of 1 MT ha ֿ◌¹ after a 2 year Gliricida/maize intercrop and 
3.3 and 5.0 MT ha ֿ◌¹ after 3 years of Gliricida/maize/pigeon pea and Gliricidia/maize 
intercrop, respectively (Chirwa et al., 2003). A 5 year Gliricidia rotational woodlot in 
Tanzania was found to produce over 30 MT of woody biomass (Kimaro et al., 2007). 
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southern Africa region that are managed for the dual purpose of soil fertility and woody 
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several of the major food crops, including maize, millet, rice, and sorghum. Seedlings attach 
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fewer eggs in the first 24 hour period than beetles in the control. The T. vogelii powder was 
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1.6.2 Carbon sequestration 
The Kyoto Protocol recognizes agroforestry as a greenhouse gas mitigation strategy and 
allows industrialized nations to purchase carbon credits from developing countries 
(Orlando et al., 2002). In this context, agroforestry not only plays a part in mitigating the 
effects of global climate change through carbon sequestration (Ajayi et al., 2007; Ajayi & 
Matakala, 2006), but also has the potential to contribute to farmer incomes through the sale 
of carbon credits (Takimoto et al., 2008). Several initiatives have recently been developed to 
support and encourage farmers who adopt land use practices that render environmental 
services (Ajayi et al., 2007). While there is increasing interest in the global warming 
mitigation potential of agroforestry, research has lagged behind in quantifying this potential 
for various systems (Albrecht & Kandji, 2003; Makumba et al., 2007). While the volume of 
research on agroforestry and climate regulation is limited, there have been a few studies that 
reveal the carbon sequestration potential for some systems. For example, a Gliricidia/maize 
intercropping system in Malawi was found to sequester between 123 and 149 MT of C ha ֿ◌¹ 
in the first 0 to 200 cm of soil through a combination of root turnover and pruning 
application (Ajayi et al., 2007; Makumba et al., 2007). In a separate report, Montagnini & Nair 
(2004) estimated that the potential carbon sequestration for smallholder agroforestry 
systems in the tropics range from 1.5 to 3.5 MT ha ֿ◌¹ of C yr ֿ◌¹. Albrecht & Kandji (2003) have 
calculated the carbon sequestration potential to be between 12 and 228 MT ha ֿ◌¹ for similar 
systems. Between fuel and pole wood production, pesticide qualities, and climate 
regulation, it is clear that agroforestry offers benefits beyond improved soil characteristics 
and crop yields. Table 2, adapted from Ajayi et al. (2007), highlights some of the private and 
social benefits of SFR technologies.  
 
 Private Social 
Benefit 
Yield increase Carbon sequestration 
Stakes for tobacco curing Suppresses noxious weeds 
Improved fuel wood availability Improved soil structure, reduced erosion and run-off 
Fodder Promotes biodiversity 
Bio-pesticide Potential for community income diversity 
Suppresses weeds  
Improved soil structure, reduced 
erosion and run-off  
Diversification of farm production 
(cash crops)  
Source: Adapted from Ajayi, et al., (2007) 
Table 2. Benefits of SFR Technologies 
2. Case study of SFR technology in central and southern Malawi 
There are a variety of agroforestry technology options that are being researched, tested, and 
adopted throughout the world. The type of SFR technology that is acceptable, appropriate, 
and sustainable to a particular setting is determined by a battery of ecological (climate, soil 
and terrain characteristics) and societal factors such as available land and labor and 
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institutional support and regulations. As a result of the various ecological and social 
boundaries in the study area, the respondents in this study used a combination of one or 
more of the following SFR technologies: intercropping, relay cropping, improved fallow, 
and biomass transfer. This case study’s main objective was to investigate the link between 
SFR adoption and poverty reduction in farming households of central and southern Malawi 
by assessing food security, asset status, and household activities and income. Specific 
objectives were as follows: (i) evaluate changes in food security resulting from increased 
yields associated with SFR adoption; (ii) determine if there is a cause-and-effect relationship 
between SFR adoption and household assets as an indication of improved wealth and (iii) 
determine if SFR adoption has allowed households to diversify their activities and income.  
2.1 Study areas 
Forty-eight percent of the land area in Malawi is under cultivation. However, only 32% of 
this is classified as suitable land for rain fed agriculture (Malawi, 2002). Agricultural land 
increased from 3 million ha to 4.5 million ha between 1976 and 1990 while the average land 
holding size decreased from 1.53 ha in 1968/1969 to 0.8 ha in 2000 (Malawi, 2002).  In order 
to achieve its various goals and objectives, the Ministry of Agriculture established a 
National Rural Development Programme that divides the country into various management 
units. There are eight Agricultural Development Divisions (ADD) within the country and 
each ADD is divided into several Rural Development Project (RDP) areas. The RDPs are 
further divided into Extension Planning Areas (EPA) and then finally into smaller Sections. 
The study was conducted in Rural Development Programmes in two districts of Malawi, 
Kasungu (S 13°2’0”, E 33°29’0”) in the central region and Machinga (S14° 58’ 00”, E35° 31’ 
00”) in the southern region (Fig 1a). Within the Kasungu RDP the Chipala EPA was chosen 
and interviews were carried out in three different Sections. In Machinga ADD, interviews 
were conducted in Mikhole Section within Nanyumba EPA (Figure 1b). 
2.1.1 Farming activities and food production 
The primary source of food in Kasungu is from local crop production, with availability 
being lowest between January and February. Apart from tobacco (Nicotiana tabacum) the 
cash crop, maize (Zea mays) is the most important food crop and is cultivated by an 
estimated 95.9% of the population of Kasungu District (Malawi National Statistical Office, 
2005). Groundnuts (Arachis hypogaea), rice (Oryza sativa), pulses and, to a lesser extent 
cassava (Manihot esculenta) are also important crops with 55.3%, 48%, 41% and 12.3% of the 
population cultivating these crops respectively (Malawi National Statistical Office, 2005).  In 
Machinga, most households are subsistence farmers whose main crops are maize, cassava, 
and rice (MVAC, 2005). Almost 98% of households in Machinga cultivate maize, 67.7% grow 
pulses, 38.6% grow groundnuts, 42.1% cultivate rice, and 26.6% cultivate cassava (Malawi 
National Statistical Office, 2005). Traditionally, households engage in a multiple cropping of 
maize/pulse farming system (Msuku et al., s.d.). Relay planting, the inclusion of N-fixing 
legumes, and incorporation of crop residues into the soil are common soil fertility 
management practices (Msuku et al., s.d.). Most farmers cannot afford inorganic fertilizers: 
consequently, only about 20% of households use fertilizers, pesticides, or improved seed 
(Msuku et al., s.d.). While most plots are intercropped, tobacco is grown in pure stands 
(Msuku et al., s.d.). Tobacco is an important cash crop for those who cultivate it, but it is 
grown by only about 22% of the population (Malawi National Statistical Office, 2005).  
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2.1.2 Wealth and income 
According to the Malawi Baseline Livelihood Profiles (MVAC, 2005), wealth in the Kasungu 
region is heavily reliant on access to food and credit. Households with access to credit are 
more likely to have a larger land holding from which they can cultivate and harvest a higher 
crop yield. These households may also be able to purchase livestock such as cattle which can 
be used for meat, milk, farming, or sold for cash in times of stress. Overall, those considered 
“better-off” cultivate twice as much land, may own as many as 10 head of cattle, and/or 
own twice as many goats and chickens as those considered “poor” (MVAC, 2005).  Crop 
sales are the primary source of income in the region, with tobacco constituting 65% to 85% 
of the average household income (MVAC, 2005). Approximately 64% of the population of 
Kasungu District grows tobacco (Malawi National Statistical Office, 2005). It is the most 
important cash crop in the region with an estimated 45% of the yearly tobacco sales in the 
country coming from Kasungu ADD, and 60% of this comes from Kasungu RDP 
(Mwasikakata, 2003). Among the poor, cash and in kind wages from ganyu1 work are the 
second most important source of income, while for those households considered to be either 
middle or better-off, food crops and livestock sales are the secondary sources of income 
(MVAC, 2005). The average landholding size throughout the region is 0.4 ha (Msuku et al., 
s.d.; MVAC, 2005). Households who, according to the Malawi Baseline Livelihood Profiles, 
are considered “poor” own between 0.4 ha and 1.0 ha, while for those deemed to be better-
off, land holdings average between 1.2 ha and 2.4 ha (MVAC, 2005). Despite low soil fertility 
and market access problems, crop sales are the most important source of income in 
Machinga. Crops such as groundnuts (Arachis hypogaea), sweet potatoes (Ipomoea batats), and 
soya beans (Glycine max) are sold mainly in the local markets (MVAC, 2005). Other major 
income sources include labor and firewood sale. Even after household production and in 
kind payments, poor households still face a 33% food deficit. According to the Malawi 
Integrated Household Survey of 2005, Machinga District has a 73.7% poverty rate and only 
36.7% of the population has an adequate food supply. The sandy soils, poor infrastructure, 
and high population density, make poverty relief and hunger alleviation especially 
challenging. 
2.2 Methodology 
The sites, communities, and individual households were selected using purposive sampling 
strategies (Babbie and Mouton 2001) based on information provided by the project staff and 
local extension officers. In total, 131 household interviews were conducted, 65 from 
Kasungu and 66 from Machinga. Farmers were selected on the basis of length of SFR and/or 
agroforestry technology use; having been adopters of the fertilizer tree technologies for at 
least 5 years. 
2.2.1 Data analysis 
Household characteristics such as number of household members and landholding size 
were summarized using descriptive statistics. Frequency tables and descriptive statistics 
were used to identify and evaluate trends in the agroforestry technology use, crop 
production, shocks, assets, and income. Sign and Signed Rank Non-parametric (also called 
                                                 
1 Ganyu refers to casual labor or piecework and is paid for with either cash or in kind upon completion 
of the job  
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Wilcoxon Matched Pairs test) analysis was used to test for a change in the crop yield and 
asset variables between pre- and post-adoption (Clewer and Scarisbrick 2006). The test for 
equality of proportions was used to examine the probability of an increase in income 
amount, number and type of income sources, and maize yields as a result of the 
technologies adoption. Chi-square analysis test was used to determine if there was an 
influence of the addition of agroforestry related activities on both the amount and number 
of income sources 
3. Results and discussion 
3.1 The relationship between the adoption of SFR technologies and food security  
The majority of respondents (65%) reported an increase in maize yield due to SFR use with 
an average total yield increase of 381.5 kg in Kasungu and 241.7 kg in Machinga (Table 3). 
The difference between sites was likely due to the fact that respondents in Machinga 
cultivate much smaller areas.  The results confirm what the existing literature has already 
established, that integrated soil fertility technologies do cause a significant increase in crop 
production (Ajayi et al., 2007; Akinnifesi et al., 2006; Kwesiga et al., 2003; Phiri et al., 1999). 
Some of the studies have even shown increases of over 100% (Ajayi et al., 2007; Phiri et al. 
1999; Place et al., 2003) for various agroforestry technologies. However, the respondents only 
provided information about the amount of yield increase with no reference to any baseline 
information pertaining to yields per hectare and so the reported increases cannot be 
extrapolated to kg per hectare; making it difficult to directly compare the production at the 
two sites.  It should also be mentioned that no data was collected on the use of inorganic 
fertilizers among the respondents. At the time of interview, the government fertilizer 
subsidy program supplied 100 kg of inorganic fertilizer to approximate 50% of the 
smallholder farming sector (Malawi Ministry of Agriculture and Food Security, 2008) and it 
is likely that some of the respondents in this study were recipients of these subsidies. The 
use of both organic and inorganic fertilizer options are complementary and will contribute 
to increasing crop yields. 
 
Crop Kasungu Machinga 
Maize* 381.5 (192.4) 241.7 (126) 
Cassava* 188.2 (92.75) 50 
Vegetables 34.1 (28.60) 17.1 (6.98) 
* Indicates that differences between sites are significant at p<0.05 
Table 3. Mean increases (kg) (and SD) of crops in Kasungu and Machinga districts 
The other two crops that also showed significant increases in yield since adoption of SFR 
technologies were cassava and vegetables (Table 3). Respondents at both sites grew 
vegetables for consumption and sale. However, the sale of vegetables was a much more 
common source of income in Kasungu than in Machinga (Table 4). The use of biomass 
transfer in dambo (wetlands) cultivation of high value cash crops such as vegetables has 
been shown to provide a potential net profit of US$700 to US$1000 per hectare (Ajayi et al., 
2006). Ajayi and Matakala (2006) reported that in Zambia the use of Leucaena biomass in 
cabbage cultivation resulted in a net profit of US$5 469 per hectare. It is likely that, when 
compared to Machinga, the larger land holdings in Kasungu has allowed the more prevalent 
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use of biomass transfer, and resulted in the production of larger quantities of cash crops 
(vegetables) which has also contributed to a more diversified income portfolio. 
 
Crop Kasungu Machinga 
 % Mean Rank (SD) % Mean Rank (SD) 
Groundnuts 86.2 2.11 (1.22) 92.4 1.54 (0.79) 
Cassava 64.6 2.95 (1.46) 30.3 3.05 (1.05) 
Potato 56.9 3.59 (1.36) 25.8 3.47 (0.94) 
Maize 52.3 2.76 (1.07) 3.0 2.0 (0) 
Vegetables 46.2 3.07 (1.55) 7.6 2.2 (1.3) 
Tobacco 43.1 1.50 (0.88) 50.1 1.82 (1.07) 
Cotton 18.5 2.25 (1.48) 3.0 5.0 (0) 
Pulses 15.4 3.90 (1.10) 45.5 3.13 (1.67) 
Millett 4.6 3.33 (2.52) 0 - 
Rice 0 - 65.2 2.60 (1.00) 
Sorghum 0 - 10.6 3.57 (1.13) 
A rank of 1 is considered the most important 
Table 4. Percent (%) of respondents cultivating, and mean ranking of, cash crops in Kasungu 
and Machinga districts 
3.2 SFR technology adoption and the impact on household assets 
Table 5 shows the ownership of assets at the two study sites. Ownership of bed mats, 
bicycles, radios, goats, and chickens increased significantly (p<0.05) between pre- and 
post-SFR adoption. The results show that the majority of respondents (85% to 100%) 
attributed an increase in asset ownership to SFR use. Assets increased both in number 
(purchasing additional chickens, for example) and in diversity (for example, purchasing a 
first radio). However, it was not possible to determine if asset status was directly 
correlated to the number of years since adoption. This would have required taking asset 
inventories at regular intervals, e.g. annually, over time. It is therefore impossible to 
determine if there is a relationship between assets and years of SFR use. It can however, 
be said that there is a significant change in asset status between pre- and post-adoption. 
Studies from Ellis et al. (2003) and the Malawi Baseline Livelihood Profiles (MVAC, 2005), 
found that changes in livestock ownership may indicate a change in wealth. Through 
wealth-ranking exercises in Zomba and Dedza districts of Malawi, Ellis et al. (2003) found 
that households considered to be “well-off” owned, among other things: 5 or more cattle, 
3 to 5 goats, and at least one bicycle. Similarly, using livestock ownership as one indicator 
of wealth, the Malawi Baseline Livelihood Profiles (MVAC, 2005) reported that in 
Kasungu district those considered poor owned zero to 5 goats or chickens, those in the 
middle wealth bracket owned zero to 3 cattle and up to 6 goats and chickens, and those 
considered better-off owned 3 to 10 cattle and 5 to 10 goats and/or chickens. The same 
study reported that for Machinga district, households classified as poor owned 4 to 6 
chickens, those in the middle owned 1 to 4 goats and/or 4 to 6 chickens, and the better-off 
households owned up to 15 goats and 15 or more chickens. 
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Wilcoxon Matched Pairs test) analysis was used to test for a change in the crop yield and 
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use of biomass transfer, and resulted in the production of larger quantities of cash crops 
(vegetables) which has also contributed to a more diversified income portfolio. 
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3.3 SFR adoption and diversity of income among households  
3.3.1 Seasonal income generating activities  
Crop sales were the most common and most important sources of income at both sites 
(Table 6). This is consistent with the Malawi Baseline Livelihood Profiles (MVAC, 2005) 
which reported that crop sale is the largest source of income in both the Kasungu /Lilongwe 
Plain and Phalombe Plain and Lake Chilwa Basin (which includes the Machinga site) areas. 
The majority of crop sales occur between the months of May and September (Figure 2). This 
is expected since these are the months during which most agronomic crops are harvested 
 
Asset Kasungu (n=65) 
Machinga 
(n=66) Total (n=131) 
Iron Roof 9.2 6.1 7.6 
Radio* 61.5 39.4 - 
Bicycle 46.2 53 49.6 
Bank Account* 18.5 0 - 
Bed Mats 100 100 100 
Goats 27.7 28.8 28.2 
Chickens 64.6 48.5 56.5 
Cattle 1.5 0 0.7 
Other 32.3 7.6 19.8 
* Indicates a significant difference (Fisher’s exact p-value<0.05) between the sites and means could not 
be pooled 
Table 5. Percent of respondents reporting asset ownership 
 
 
Fig. 2. Income sources by month for the whole sample  
The study found off-farm wages to be especially important sources of income between 
November and March (Figure 2), coinciding with the annual food shortages and hunger 
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demand as it is during these months that land preparation, land clearing, ridging, and 
vegetables are harvested (MVAC, 2005). Farmers are therefore faced with the dilemma of 
hiring out labor for payment or working on their own plots. If household labor resources are 
constrained, the loss of an active household member to off-farm labor may be to the 
detriment of household land preparation and subsequent crop production (Place et al., 2007). 
However, the additional income (either cash or in-kind) from off-farm labor may be more 
critical to meeting the household’s immediate needs. 
Tobacco sale in Kasungu was the most highly ranked cash crop (Table 6) although it was not 
as common an income source as would have been expected based on the literature. The 
MVAC report (2005) also identified tobacco as the most important cash crop in Kasungu 
district, accounting for 65-85% of the income across all wealth groups. The high ranking of 
tobacco in the present study supports the results from Mwasikakata’s (2003) study which 
found nearly 45% of the yearly tobacco sales in Malawi come from Kasungu ADD, and 60% 
of this comes from Kasungu RDP (Mwasikakata, 2003).  
 

















Off-farm wages 71.2 1.87 (0.85) 90.7 2.56 (1.59) 81 
2.25 
(1.35) 
Sell Wood 33.3 2.77 (0.61) 72.3 3.43 (1.49) 52.6 
3.22 
(1.32) 
Sell AF seeds 6.1 2.75 (0.50) 80.0 3.48 (1.49) 42.7 
3.43 
(1.45) 
Tobacco 44.0 2.10 (1.01) 40.0 3.08 (2.12) 42 
2.56 
(1.69) 
Sell Vegetables 12.1 3.13 (1.25) 47.7 3.58 (1.43) 29.7 
3.49 
(1.39) 
Sell Maize 3 2.50 (0.71) 52.3 2.94 (1.32) 27.5 
2.92 
(1.29) 
Sell crop seeds 0  10.7 5.00 (1.83) 5.3 
5.00 
(1.83) 
Other 0  3.1 2.00 (0.00) 1.5 
2.00 
(0.00) 
Pension# 0  1.5 2.00 0.76 2.00 
Sell Other# 0  1.5 6.00 0.76 6.00 
Rank of 1 indicates most important source of income 
#Indicates only one household reported this sources of income 
Table 6. Percent of respondents reporting and average ranking of various income sources 
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3.3.2 Income diversity as a result of SFR adoption 
With agroforestry adoption come other income generating opportunities. For example, 
wood from the agroforestry species can be sold for fuel or construction materials; seeds can 
be collected and sold; and if increased crop yields produce a surplus, those crops can also be 
sold (see Table 6). It was therefore hypothesized that SFR use would promote the 
diversification of income generating activities (IGAs). Responses from Machinga showed 
that there was no significant diversification of income sources. While a few households did 
report an increase in the number of income sources, the majority said the number had 
remained the same. The results from Kasungu, however, showed a significant number of 
respondents reporting an increase in the number of household income sources. Since 
Kasungu respondents were cultivating larger plots, and more respondents used improved 
fallows and biomass transfer than in Machinga, they may have more income generating 
resources available to them. For example, the use of improved fallows requires more land 
than relay cropping and the resulting woody biomass yield will be greater in a plot that is 
dedicated to an improved fallow than in a plot where woody growth shares the same space 
as food crops. Therefore, the resulting volume of saleable wood will be greater from an 
improved fallow than from a relay cropping system.  
3.4 The impact of SFR adoption on household vulnerability and coping strategies 
Vulnerability is the potential to be adversely affected by an event or change and is a robust 
function of the interaction between and among natural or environmental variability, socio-
economic processes, and policy (Eriksen et al., 2005).The vulnerability context refers to 
external shocks, trends, and seasonality over which people have little or no control (DFID, 
1999). While some changes to these external forces can have a positive influence in reducing 
vulnerability, many interactions among external shocks, trends, and seasonal processes 
provide a positive feedback into increased vulnerability. In this study, while some 
households demonstrated a positive change in income, crop yield, and assets, this does not 
appear to have been significant enough to allow for any substantial reduction in 
vulnerability, except for perhaps a shorter annual hunger period, the significance of which 
should not be ignored. It is difficult to separate the effects of hunger, illness, labor shortage, 
and crop loss as the presence of one can directly affect another. Case studies from an 
investigation of SFR livelihood impacts conducted by Place et al. (2007) in western Kenya 
revealed that shocks and coping strategies were key causes of poverty. Therefore, this study 
looked for any changes in the household’s ability to cope with shocks as an indication of 
increased security and decreased vulnerability. Hunger is by far the most prevalent shock or 
crisis facing smallholder farmers, as illustrated by the fact that all of the respondents in this 
study were still vulnerable to several months of food insecurity each year. It was hypothesized 
that if SFR adoption had enabled households to increase crop production and diversify their 
livelihoods, then they would also have been able to invest in various adaptation and coping 
strategies that would mitigate the adverse effects of any shock or crisis that arose. Despite the 
gains in food security, brought about by a significant increase in crop yields, a marked 
decrease in hunger periods (Figure 3), and in some cases a more diversified income portfolio 
and asset inventory, there is still an obvious lag in household security, the ability to absorb and 
cope with shocks, and overall improved welfare. 
When households live on the margin of survival, livelihood strategies focus more on 
addressing immediate needs and surviving shocks than progressing out of poverty (Eriksen 
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et al., 2005). The results revealed that where households were able to increase their income, 
the added income was reinvested into activities that support the household’s immediate 
needs (Table 7), rather than investing in any form of insurance. In a study of household 
budgets in western Kenya, David (1997) found that up to 87% of all household expenditure 
went towards purchasing food and non-food necessities, while only 7% went towards farm 
inputs such as hired labor, fertilizer, and seed. This study agrees with David’s (1997) 
conclusion that resource-poor farmers have little or no savings and households give priority 
to investments which yield short-term returns.  
 
Fig. 3. Average number of hunger months before (Pre) and after (Post) SFR adoption. All 
differences are significant at p<0.05 
 
Allocation Kasungu (n=48) Machinga (n=30) Whole Sample (n=78) 
Savings 16.7 6.7 12.8 
Pay Debts 93.8 96.7 94.8 
Purchase Household 
Items 100 100 100 




97.9 96.7 97.4 
Medical Fees 47.9 53.3 50 
School Fees* 35.4 13.3 - 
Values are the percent of “yes” responses from those who reported an increase in income. 
* Indicates a significant difference (Fisher’s exact p-value<0.05) between the sites and means could not 
be pooled 
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Households allocated income to the purchase of household items, agricultural supplies, and 
food. These items have an immediate and direct effect on the wellbeing and security of 
household members. Investing additional income or resources into savings, non-essential 
assets, or school fees are investments that have long-term implications to the household’s 
well-being, but may be at the expense of immediate needs. It was not expected that 
households in this study would have become fully food self-sufficient, but rather that they 
would have been able to spend less money to meet immediate needs and be able to put 
more income towards non-essential investments, such as savings, or school fees. The results 
show that households who had seen an increase in income are able to allocate income to a 
variety of areas, though they still rely heavily on purchasing food and non-food necessities. 
A full economic analysis at the household level would be necessary to determine if 
households have realized any significant financial relief since SFR adoption. The use of 
various coping strategies provides another indication of a household’s vulnerability. Ideally, 
households would have some form of insurance or “safety net” to rely on in difficult times. 
In the absence of formal security measures however, households are likely to sell productive 
assets, reallocate time to increase income, or a previously non-working member may enter 
in the labor market (Jacoby & Skoufias, 1997; Skoufias, 2003) in response to unexpected 
challenges. It is not surprising then that in this study, households at both sites relied heavily 
on selling assets, crops, and labor as a response strategy.  When households choose to sell 
their physical assets or crops as a coping mechanism in response to a shock, they may be 
able to mitigate the immediate effects of the crisis, but to the detriment of future stability. 
This observation is supported by Skoufias (2003) who observed that poor households may 
be forced to use coping strategies that ultimately prevent movement out of poverty.  
4. Conclusion  
This case study has confirmed that agroforestry, and specifically integrated soil fertility 
replenishment technologies have the ability to increase crop production and provide 
additional income. This acknowledgement points to the conclusion that farmers have an 
understanding of the importance of soil fertility and the currently low soil nutritional status. 
Other studies have also found that even in the absence of knowledge about the chemical or 
structural properties of soils, farmers are keenly aware of, and have noticed detrimental 
changes in various aspects of their local environments such as rainfall patterns, and soil 
performance over time and soil analysis consistently supports farmer perceptions of soil 
fertility (Desbiez et al., 2004; Mairura et al., 2007; Murage et al., 2000; Thomas et al., 2007). 
Hunger months have decreased, and in many cases, income has increased. However, the 
respondents in the two study areas still live on the margins of survival. This study revealed 
that while food security is paramount to sustaining the livelihoods of smallholder farmers, 
livelihood security and poverty reduction depend on more than increased food production. 
SFR technologies are fulfilling their primary role as a means to food security, but their 
adoption does not lead to significant livelihood improvements. Achieving lasting impacts 
requires that initiatives take an integrated approach and address not only household food 
production, but the multifaceted dynamics of social institutions, markets/economy, and 
policy. However, it is apparent that despite the repeated confirmation of the challenges 
associated with land, labor, seed and training, little has been done to find solutions to these 
issues.  
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While agroforestry alone cannot completely bring households out of poverty, it can play a 
significant role by improving food security and providing additional income opportunities. 
Livelihood improvements will depend on several factors. First, market inefficiencies must 
be remedied and economic barriers must be broken down. Second, the challenges identified 
by the respondents, especially access to resources and training, need to be addressed in a 
participatory way that promotes education and empowerment. As these two issues are 
tackled, households will become better equipped to manage the complexities that arise from 
SFR adoption and livelihood diversification, such as managing crop surplus and additional 
income.  
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Households allocated income to the purchase of household items, agricultural supplies, and 
food. These items have an immediate and direct effect on the wellbeing and security of 
household members. Investing additional income or resources into savings, non-essential 
assets, or school fees are investments that have long-term implications to the household’s 
well-being, but may be at the expense of immediate needs. It was not expected that 
households in this study would have become fully food self-sufficient, but rather that they 
would have been able to spend less money to meet immediate needs and be able to put 
more income towards non-essential investments, such as savings, or school fees. The results 
show that households who had seen an increase in income are able to allocate income to a 
variety of areas, though they still rely heavily on purchasing food and non-food necessities. 
A full economic analysis at the household level would be necessary to determine if 
households have realized any significant financial relief since SFR adoption. The use of 
various coping strategies provides another indication of a household’s vulnerability. Ideally, 
households would have some form of insurance or “safety net” to rely on in difficult times. 
In the absence of formal security measures however, households are likely to sell productive 
assets, reallocate time to increase income, or a previously non-working member may enter 
in the labor market (Jacoby & Skoufias, 1997; Skoufias, 2003) in response to unexpected 
challenges. It is not surprising then that in this study, households at both sites relied heavily 
on selling assets, crops, and labor as a response strategy.  When households choose to sell 
their physical assets or crops as a coping mechanism in response to a shock, they may be 
able to mitigate the immediate effects of the crisis, but to the detriment of future stability. 
This observation is supported by Skoufias (2003) who observed that poor households may 
be forced to use coping strategies that ultimately prevent movement out of poverty.  
4. Conclusion  
This case study has confirmed that agroforestry, and specifically integrated soil fertility 
replenishment technologies have the ability to increase crop production and provide 
additional income. This acknowledgement points to the conclusion that farmers have an 
understanding of the importance of soil fertility and the currently low soil nutritional status. 
Other studies have also found that even in the absence of knowledge about the chemical or 
structural properties of soils, farmers are keenly aware of, and have noticed detrimental 
changes in various aspects of their local environments such as rainfall patterns, and soil 
performance over time and soil analysis consistently supports farmer perceptions of soil 
fertility (Desbiez et al., 2004; Mairura et al., 2007; Murage et al., 2000; Thomas et al., 2007). 
Hunger months have decreased, and in many cases, income has increased. However, the 
respondents in the two study areas still live on the margins of survival. This study revealed 
that while food security is paramount to sustaining the livelihoods of smallholder farmers, 
livelihood security and poverty reduction depend on more than increased food production. 
SFR technologies are fulfilling their primary role as a means to food security, but their 
adoption does not lead to significant livelihood improvements. Achieving lasting impacts 
requires that initiatives take an integrated approach and address not only household food 
production, but the multifaceted dynamics of social institutions, markets/economy, and 
policy. However, it is apparent that despite the repeated confirmation of the challenges 
associated with land, labor, seed and training, little has been done to find solutions to these 
issues.  
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water. In other words, a serious question arises whether in the long term water extraction in 
large scale to crop production is economy? or use of water in other sectors like industry has 
a higher comparative advantage? Rapid population growth and the need for more 
production has caused the agricultural sector would have more demand for water than any 
other water consuming sectors (industry, domestic, drinking). So, the main challenge of the 
agricultural sector is to produce more crops from less water. In this context, increasing of 
water use efficiency is one of the important strategies for more production. One of the 
important solutions to reduce hunger, poverty and maintaining the previous level of 
production will be   increasing  water productivity proportional to increase in demand for 
food. Increasing water use efficiency while maintaining stable production and reducing 
water consumption, a significant volume of water can store without a new structure to be 
constructed. There are two basic solutions for increasing water productivity:  These are 
reducing water consumption with proven production (irrigation management) and 
increasing production with a fixed amount of water (agronomy management) that 
eventually will lead to more production with less water.  
Reducing water consumption while maintaining the previous production, includes all 
activities that are leading to improve irrigation management. Ways to increase water 
productivity from the perspective of improving irrigation management can be summarized 
as follows:  
- improving irrigation efficiency (improving conventional irrigation systems and change   
to modern irrigation systems) 
- optimal allocation of water resources 
- deficit or alternate irrigation 
- optimize water use by determination of water – yield relations (production functions) 
- the use of uncommon water 
- reduce evaporation 
Increasing production per unit water consumption is achievable by improving the 
production management. The production management refers to all agricultural activities 
that are leading to increase production. The following can be cited In this context: 
- breading activities to make drought resistant cultivars 
- reduce the period of plant growth 
- increasing the depth and root density in soils  
- change and reform cropping pattern on the basis of the highest plant productivity 
- crop rotation 
- application of conservation tillage techniques for more efficient use of available 
moisture in the soil, irrigation water and rain 
- controlling pests and diseases 
- improving soil fertility 
Irrigation strategy management to increase production would not be the same in all areas. In 
areas where enough water is available, full irrigation strategy could be a suitable option, 
while in areas where water is limited, deficit irrigation is appropriate strategy and finally in 
areas where water resources are saline, use of management strategies for achieving 
sustainable production as well as economic yield is suitable management. However, any 
optional strategies are needed to specific management, and they are a function of time and 
space. But in all cases, knowledge of water-yield relation (production function) is necessary 
in order to achieve optimal amounts of irrigation water and sustainable production. The 
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purpose of this section is to optimize water consumption using production functions in 
terms of saline and non-saline water application. 
2. Crop production functions 
To express the relationship between inputs and crop yield, production functions are used. 
Crop production functions are mathematical relationship between yield and inputs used in 
the production process. In other words, the crop production function identifies the 
conversion rate of input to output. The statistical data obtained from field observations or 
controlled experimental design can be used to estimate of production functions. Overall 
form of the crop production function can be written as follows:  
   Y= F(X1, X2, ... Xn)    (1) 
This equation shows the amount of production determined by different amounts of inputs 
(n). Production factors can be classified in different ways. Some factors are variables and 
some others are fixed. Some of the factors are very important and some others not 
significant. The crop production function is usually estimated based on a few variable 
factors under controlled. Using the estimated production function can be defined different 
scenarios based on user-defined. The amount of yield in different levels of inputs used to 
crop production function, marginal production, the final value of each of the factors of 
production and marginal rate of technical substitution factors could be calculated. 
3. Optimizing water consumption 
Optimizing water consumption is a type of management options that may establish 
relationship between land and water under limitation of water/land conditions. So that  
crop production is economically affordable and technically possible. Generally, Figure 1 
shows relationship between the applied water (AW) as a function of gross income and cost 
(English, 1990). As shown, there is curvilinear relation between gross income and applied 
water and a linear relation with cost function. In fact, the gross income increases with water 
and reaches the maximum point,  then decreases mainly due to increasing water cost and 
also decreasing in production. But cost function rises linearly with increasing water amount. 
Net income is equal to the difference between gross income and cost (distance between two 
curves in Figure 1).  
Selection of appropriate strategy depends on the presence or absence of limiting factors 
previously mentioned. If land is limiting factor, using the amount of water maximizing net 
benefit per unit of land, is the best strategy (AWL in Figure 1). Although with increasing 
amount of water, gross income could be increased so that maximum crop production is 
obtained with full irrigation (AWF on the right AWL in Figure 1), but net income resulting 
from application of AWF is less than AWL. Reducing the amount of water applied from AWL 
and move to the left curve gradually decreases the net income, so that net income in AWd 
per unit of land is equal to net income from full irrigation. It is clear that full irrigation 
needed to achieve maximum production, but to get the highest net profit not need to full 
irrigation. In practical point of view, in water scarcity areas economic benefit could be 
achieved using deficit irrigation scheduling. In areas where water is a limiting factor, the 
costs of supply, transmission and distribution of water are the most serious challenges. In 
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these areas, due to water shortages a large part of the farms are not cultivated or remained 
as rainfed. According to presented analysis, in terms of water consumption there is a point 
that irrigation depth is less than the amount of crop water requirement and full irrigation 
depth, however its net profit per unit of land is equal to net income from full irrigation 
(AWd). So with the saved water for irrigating new lands can produce more revenue 
achieved without paying additional cost for new water supply. To achieve optimal levels of 
water consumption and choosing appropriate management options, it is necessary to 
estimate variable amounts of derived functions such as AWL, AWF and AWd. 
 
 
Fig. 1. Income and cost curves as a function of applied water (AW) 
3.1 Determination of threshold values 
For optimum irrigation scheduling, driving water-yield relation (crop water production 
function) is required for determination of optimum amount of water. Generally, the 
quadratic form of crop water production is used to describe relationship between irrigation 
water and crop yield: 
 � = �� + ��(�) + ��(��)             (2) 
where, Y is crop yield (t ha-1), I is irrigation water (mm) and a0, a1 and a2 are constants.  
The cost equation is used as:  
 	C = b� + b�(I)  (3)  
 where, C is production cost per hectare and b0 and b1 are constants.  
Constant coefficients in above equations can be derived using various levels of water against 
their corresponding yields as follows (English, 1990):  
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where, IF, IL and Id are full irrigation, optimum amount of irrigation where land is limiting 
and water is limiting, respectively (mm) and Pc is the crop price per kg. 
Above equations, were modified by Sepaskha & Akbari (2005) for case having rainfall (P) as 
follows: 
 �� = ���� ���⁄ � �����   (7) 
 �� = (�� � ����� ) (������ )⁄ � �                     (8) 
 �� = ����(��� � � ��� �� � ��� ) � ��� �����⁄ ����     (9) 
where, , ��� , ���  and ���  are the similar  constants as  equation 2 when total applied water 
(AW) is replaced with I.   
The following sections present how to determine the optimal amount of water consumption 
by using analysis of production functions in different conditions. 
4. Wheat production function under supplementary irrigation 
Supplementary irrigation plays a key role in crop production in many countries in the 
world. In most rainfed areas, the amount of rainfall and its distribution is not suitable 
throughout growing season of winter crops. Therefore, increasing crop production is 
necessary to timing irrigation with supplementary irrigation. At present, supplementary 
irrigation covers 80 percent of cultivated areas over the world, producing 60 percent of the 
global production (Harris, 1991). Wheat yield under rainfed conditions in arid and semiarid 
regions of the world, including West Asia and North Africa, varies between 0.6 to 1.5 t/ha. 
In these areas, supplemental irrigation significantly increases yield and water productivity. 
The experimental results on wheat show that water productivity is increased with deficit 
irrigation scheduling (Sun et al., 2006; Zhang et al., 2005; Zhang et al., 2006). Supplemental 
irrigation potentially increases wheat yield and water productivity. Irrigation water for 
achieving optimum water productivity is not the same in different areas of the world, 
mainly due to different climate. For example, the highest water productivity of wheat in 
northern Syria (Zhang and Oweis, 1999) was corresponded with 440-500 mm of water 
application (140-180 mm irrigation water), in northern China ( Zhang et al., 1999), with 400 
mm (120-160 mm irrigation water) and in Oregon America (English and Nakamora, 1989) 
with 750-850 mm of water applied (350-450 mm irrigation water). 
A field study was conducted to compare various genotypes of wheat to water using line 
source sprinkler irrigation during growing season of wheat (2005-2006). The geographical 
location of the farm was 36o 54' N, 54o 25' E and 155 m above mean sea level. This area 
represents medium annual rainfall, mostly falls in winter (November–April). Seasonal 
rainfall during the wheat growth stages was about 250 mm. Four irrigation treatments were 
provided by the decline with distance from the line source, during the growing season to 
meet 100 %(W1), 76 %(W2), 52 %(W3) and 39% (W4) crop water requirement. Optimal 
irrigation water application was considered by generated crop water production functions 
for six cultivars of wheat under supplementary irrigation. The experiment used a strip plot 
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design to examine the effect of the fixed irrigation rates on six cultivars treatments 
(C1=TAJAN, C2= N-80-6, C3= N-80-7, C4= N-80-19, C5= N-81-18, C6= Desconcido) with four 
replications. The soil texture of the experimental plots was silty clay loam in the surface 
layer (0-30 cm) and silty loam in the deeper layers (30-90 cm), having soil bulk density of 1.3 
and 1.4 gr /cm3, respectively.  
Wheat yield variation of different cultivars as a function of applied water (AW) illustrated in 
figure 1, separately. A quadratic form of production function was used to describe the 
relationship between applied water and yield. The general trend is similar to all the 
cultivars, so that with increasing applied water, yield increases and at a certain  point that 
yield reaches the peak value, more increasing  water will result in decreasing the yield. 
Estimated wheat production function for any cultivars showed that they have different 
constants as well as different response to water. As a result, appropriate cultivar could be 
selected due to provide different production from a certain amount of water. For example, 
the cultivars C1 – C6 produced 4.2, 4.8, 4.5, 4.4, 4.6 and 4.2 t/ha against 350 mm applied 
water, respectively (Fig. 2). 
Crop water production and cost functions were used to describe optimum scheduling of 
irrigation water. Due to the presence of effective rainfall in the region, optimum irrigation 
water under full irrigation (If) and deficit irrigation (Id) were estimated as function of 
seasonal rainfall (with the assumption that wheat price equal to 1700 Rials/kg and 
production cost without irrigation costs are 2.5 million Rials/ha, 10000Rials=US$1). The 
results revealed that, optimum irrigation water depth will be decreased when seasonal 
rainfall increased. Required water under full irrigation strategy for maximizing production 
in cultivars C1 to C6 was 362, 370, 335, 342, 340 and 345 mm. Optimum irrigation water 
under deficit irrigation for all cultivars as a function of seasonal rainfall was presented in 
Table 1. It is observed that under deficit irrigation, whenever during the wheat growing 
season 250 mm of rainfall occurs with a similar distribution, all cultivars will not require to 
irrigate. If rain does not happen (in terms of deficit irrigation) C2 cultivar will need more 
water than the others (331 mm). So, if  assumes that the average value of 250 mm rainfall 
occurs during the wheat growing season, in case of full supplemental irrigation two or three 
irrigation event will be needed to all the cultivars. However, in case of deficit irrigation 
cultivars will not require irrigation water (Table 2). 
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design to examine the effect of the fixed irrigation rates on six cultivars treatments 
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figure 1, separately. A quadratic form of production function was used to describe the 
relationship between applied water and yield. The general trend is similar to all the 
cultivars, so that with increasing applied water, yield increases and at a certain  point that 
yield reaches the peak value, more increasing  water will result in decreasing the yield. 
Estimated wheat production function for any cultivars showed that they have different 
constants as well as different response to water. As a result, appropriate cultivar could be 
selected due to provide different production from a certain amount of water. For example, 
the cultivars C1 – C6 produced 4.2, 4.8, 4.5, 4.4, 4.6 and 4.2 t/ha against 350 mm applied 
water, respectively (Fig. 2). 
Crop water production and cost functions were used to describe optimum scheduling of 
irrigation water. Due to the presence of effective rainfall in the region, optimum irrigation 
water under full irrigation (If) and deficit irrigation (Id) were estimated as function of 
seasonal rainfall (with the assumption that wheat price equal to 1700 Rials/kg and 
production cost without irrigation costs are 2.5 million Rials/ha, 10000Rials=US$1). The 
results revealed that, optimum irrigation water depth will be decreased when seasonal 
rainfall increased. Required water under full irrigation strategy for maximizing production 
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under deficit irrigation for all cultivars as a function of seasonal rainfall was presented in 
Table 1. It is observed that under deficit irrigation, whenever during the wheat growing 
season 250 mm of rainfall occurs with a similar distribution, all cultivars will not require to 
irrigate. If rain does not happen (in terms of deficit irrigation) C2 cultivar will need more 
water than the others (331 mm). So, if  assumes that the average value of 250 mm rainfall 
occurs during the wheat growing season, in case of full supplemental irrigation two or three 
irrigation event will be needed to all the cultivars. However, in case of deficit irrigation 
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4.1 Comparison of deficit and full irrigation strategies 
Generally, when farmers face water scarcity, as water resources are not enough to follow the 
full irrigation, they have two options (Oweis and Hachum, 2003): in the first case may be, 
they apply  the available water  for irrigating a part of the farm and leave the rest  as rainfed. 
In the second case may be, they apply less water to irrigate the whole farm (deficit 
irrigation). The quantitative comparison of deficit and full irrigation strategies are showed 
in Table 2 that deficit irrigation is more useful strategy for obtaining more production as 
compared to full irrigation. For example, in C1 cultivar, if full irrigation (99 mm) is applied 
to irrigate one hectare and left a 1.54 hectare as a rainfed, totally it can be obtained 7.27 ton 
grain yield. But, if instead of full irrigation of one hectare, it is applied deficit irrigation (39 
mm) for all the 2.54 hectare, totally 9.02 ton grain yield can be obtained. This trend with 
more appropriate result for other cultivars is presented in Table 2. It is observed that in W4 
treatment total yield in C1 to C6 cultivars were increased 24%, 40%, 47%, 40%, 48% and 32%, 
respectively, when compared to the W1 treatment. To minimize risk with water stress on 
crop yield reduction, it is needed to know sensitivity of different growth stages of wheat to 
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* Irrigation Treatments 
Table 2. Comparison of total production in different cultivars of wheat at full (W1) and 
deficit (W4) irrigation 
5. Soybean production function 
Soybean is one of the most important crops for oil and protein production in the world. 
Generally, soybean is planted in warm and semi-warm climate and relatively resistance to 
low and very high temperatures, but its growth rate is reduced at temperatures higher than 
35 C and less than 18 C (FAOSTAT, 2001). Because soybean having a high concentration of 
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protein (36%), oil (18%) and carbohydrate (20%) planted in almost all parts of the world for 
human consumption, livestock and plants (Boydak et al., 2002). A field study was conducted 
to consider water-yield relation in three genotypes of soybeans, optimum irrigation depth, 
comparison of deficit and full irrigation at Gorgan Research Station in two lasted growing 
seasons (2005 & 2006). In this experiment, four irrigation treatments (W1, W2, W3 and W4) 
were provided by the decline in irrigation with distance from a line source. The experiment 
was based on a strip plot design to examine the effect of the fixed irrigation rates on three 
cultivars treatments (SAHAR, G3 & DPX) with four replications.  
Generally, obtained highest soybean yield is consisted with treatment that has received the 
highest water (W1). In W4 treatment, grain yield of soybean were 47% and 40% of the W1 
treatment, for 2005 and 2006, respectively. The average values of 2-years irrigation water in 
W2, W3 and W4 were 80, 49 and 24% of W1. Irrigation water application in both years with 
distance from the line source was reduced for all three cultivars (Fig. 3). The largest amount 
of irrigation was W1 treatment being 360 mm in 2005 and 342 mm in 2006. In the first year in 
terms of irrigation water, W4 treatment in Sahar, G3 and DPX has received 17, 19 and 24% as 




Fig. 3. Applied water (AP) in different treatments (2-year average) 
The estimated coefficient using equation 2 and their statistical analysis in different cultivars 
were presented for 2005, 2006 and average 2-years in Table 3.  
As shown in Table 4, the determination of coefficient (R2) of the quadratic function for all 
cultivars are more than 84% and it is found that the effects of water levels on soybean grain 
yield is significant. This indicates that 84% of the yield variability of soybean is explained by 
the variations of applied water (AW).  A quadratic form has been reported between yield 
and applied water by many researchers (Stewart and Hagan, 1983; Zhang and Oweis, 1999; 
Sepaskhah and Akbari, 2005). The grain yield of soybean cultivars as a function of AW in 
2005, 2006 and 2005-2006 are illustrated in Fig. 4. Figure 4 states that the yield of soybean 
cultivars is increased as a decline slope with increasing water amount. In other words, for 
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protein (36%), oil (18%) and carbohydrate (20%) planted in almost all parts of the world for 
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every certain amount of water increase, soybean yield will not increase proportionally. After 
a certain level of water, with increasing water, the yield starts to decrease (Fig. 4). The 
equation coefficients on three cultivars are different. It is found that the yields have a 
different response to given water. For example, the most productive use of water in the 
Sahar (2.5 t/ha), G3 (3 t/ha) and DPX (3.7 t/ha) were reached with about 490, 490 and 510 
mm of AW, respectively. For a certain amount of AW, the DPX cultivar produced more 
grain yield than the 2 other cultivars (Fig. 4).  
 











    -0.487              0.0264           -1.204 
     0.0085             0.0041           0.0152 
   -9.19E-6        -1.39E-6          -1.53E-5 
       0.84                 0.91               0.91 
       0.17                 0.14               0.20 
        12                    26                   25 
      0.01                 0.002              0.002
        -2.502          -3.261          -0.439 
         0.022           0.0267          0.0098 
       -1.96E-5       -2.26E-5       -5.89E-7 
          0.85              0.97             0.98 
          0.47              0.24             0.16 
           15                 92                128 
       0.008          0.0001       0.0001 
2-years average 











                         -0.242                                  -1.669                               -1.229 
                          0.0138                                  0.0166                             0.0151 
                        -1.247E-5                             -1.424E-5                         -1.176E-5 
                             0.85                                    0.99                                   0.97 
                              0.31                                   0.11                                   0.15 
                              14                                      184                                    82 
                           0.008                                   0.000                             0.0002 
* R2 = determination of coefficient; SE= Standard Error; F= Function statistic; SigF= Significant function  
Table 3. Equation constants and their statistical analysis in three soybean cultivars   
Based on derived equations, irrigation water under deficit irrigation conditions (Id) as a 
function of seasonal rainfall are calculated and presented in Table 4. Using rainfall-irrigation 
water relation can be decided that for a given rainfall how much water is needed to achieve 
optimal production.  Unit price of soybean yield equal to US$35/kg (2-years average) and 
total production cost for soybean (without irrigation cost) equal to US$350/ha including: 
land preparation (US$35), planting (US$50), total fertilizer, pesticide, herbicide and thinning 
(US$75), harvest (US$55) and land rent (US$135) were used to calculate the best amount of 
irrigation water. Table 4 shows that in deficit irrigation condition with increasing effective 
rainfall during the soybean growing season amount of optimum irrigation water decreases 
to achieve optimal production. In full irrigation strategy to obtain maximum grain yield the 
cultivars Sahar, G3, and DPX are required to 550, 580 and 640 mm of AW, respectively. 
Water requirement of soybean is 450-600 mm to produce maximum depending on climatic 
conditions and variety (FAO, 2002). But, in deficit irrigation strategy, if no rainfall occurs 
during the growing season, Sahar, G3 and DPX need  425, 435 and 435 mm of irrigation 
water, and if 200 mm effective rainfall occurs the cultivars will not need to irrigation water. 
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Under no irrigation water and with 200 mm effective rainfall the grain yield of Sahar, G3 and 
DPX were obtained at 1, 1.2 and 1.5 t/ha, respectively. However, with increasing the 
amounts of AW from optimal level increasing yield is possible, but this strategy for areas 
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Table 4. Optimum irrigation water (Id, mm) as a function of seasonal rainfall in three 
soybean cultivars  
5.1 Comparison of deficit and full irrigation strategies 
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every certain amount of water increase, soybean yield will not increase proportionally. After 
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to achieve optimal production. In full irrigation strategy to obtain maximum grain yield the 
cultivars Sahar, G3, and DPX are required to 550, 580 and 640 mm of AW, respectively. 
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that for all cultivars total production under deficit irrigation (W4) was more than full 
irrigation (W1) for a given levels of farm. For example, in Sahar cultivar, if full irrigation (345 
mm) is applied to irrigate one hectare and left a 3.85 hectare as rainfed, totally 4.5 ton grain 
yield can be obtained. Instead of full irrigation of one hectare, if deficit irrigation (71mm) is 
applied for all the 4.85 hectare, totally 5.8 ton grain yield is achievable. This trend with more 
appropriate results for G3 and DPX cultivars are presented in Table 5.  
 
Cultivars irrigation treatment I (mm) Y (t/ ha)
Areas (ha) 
irrigated   rainfall    total
Y (t/ha) 
irrigated    rainfall    total 





1             3.85        4.85 
4.85            0           4.85 
2.585       1.923      4.508 








1             3.22        4.22 
4.22             0          4.22 
3.349        1.61       4.959 









1             3.08        4.08 
4.08             0          4.08 
3.984        1.54       5.524 
6.724          0          6.724 
Table 5. Quantitative comparison of full (W1) and deficit irrigation (W4) in three soybean 
cultivars  
Two-year average has shown that there was a tendency for more production in DPX cultivar 
than other cultivars, mainly due to appropriate response to water. As a result, using deficit 
irrigation and allocation of saved water to other lands where facing with water scarcity is 
the optimal strategy to maximize production as well as farmer's income. It is clear that water 
stress does not have similar effect on the whole crop growth. The advantage of deficit 
irrigation can be achieved by saving water during those periods when the crop is less 
sensitive to water stress.  
6. Water–salinity production function 
Water scarcity and salinity are major problems in reducing crop production in the arid and 
semi-arid regions of the word. Due to scarcity of fresh water, use of saline water is becoming 
inevitable to meet agricultural crop water requirement. In some water shortage areas of the 
world, farmers usually apply saline water especially to winter cereals in the pre-sowing and 
early stages of the crop growth. Farmers are faced with the challenges of optimal water 
applications for given saline water and economical effect of using saline water. Therefore, it 
is necessary to estimate crop yield in response to joint salinity and water stress conditions 
resulting from the use of any given set of water quantity and quality.  
Several studies have explored the response of crops to salinity and water stress, i.e., use of 
saline water for irrigation purposes (Ayers and Westcot, 1985; Tanji, 1990; Rhoades et al., 
1992). Blending non-saline and saline water, or cyclic use of these types of water, have been 
developed to use saline drainage water for irrigation. Water-salinity production functions 
are estimated by two different approaches. The first one uses mathematical models to 
describe the combined effects of the amount of applied water and its salinity on crop yields 
(Letey et al., 1985; Letey and Dinar, 1986). The second approach experimentally estimates 
production functions by statistical analysis from a wide range of water qualities and 
quantities (Dinar et al., 1985; Dinar and Knapp, 1986; Russo and Bakker, 1986; Datta et al., 
1998; Datta and Dayal, 2000; Kiani & Abbasi, 2009). The first approach is valuable. Because it 
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allows exploration of different management strategies by using appropriate water–salinity 
production functions saving time and costs. But, due to the implicit assumptions, the 
practical application is restricted. However, several studies have been published where 
production functions have been verified by field data, or have been used to assess the dual 
effects of salinity and the amount of applied water on crop yields (Letey et al., 1985; Shani 
and Dudley, 2001; Oster et al., 2007). An experiment was conducted in the northern region of 
Golestan province (37°07′ N, 54°07′ E) in Iran, for two growing seasons (2001–2002 and 
2002–2003). The mean annual rainfall in this region is 330 mm of which more than 80% 
occurs in autumn and winter (November to April). The average annual temperature and 
relative humidity are 17.8 C and 75%, respectively. The experimental design was a 
randomised complete block design with split plot layout considering water quantity as the 
main plot and water quality as subplot with three replications. The treatments consisted of 
four levels of irrigation water providing 50(W1), 75(W2), 100(W3) and 125(W4) percent of the 
crop water requirement and four levels of irrigation water salinity of 1.5(S1), 8.5(S2), 11.5(S3) 
and 14.2(S4) dS/m. Saline waters for different irrigation salinity levels were obtained by 
mixing various ratios of well (1 dS/m) and drainage channel (10-30 dS/m) waters.  
In the first year, a pre-sowing of 26 mm non-saline water was applied to all treatments using 
a sprinkler irrigation system, and three irrigations were subsequently applied using surface 
irrigation. In the second year, due to suitable rainfall at sowing date, water was applied in 
four irrigations after the vegetative stage. The amount of irrigation water during the 
growing season, for W1, W2, W3 and W4 treatments was equal to 118, 163, 209 and 246 mm in 
the first year and 104, 160, 212 and 264 mm in the second year, respectively. Effective rainfall 
in the growing season was 163 and 184 mm in 2001-02 and 2002 - 2003, respectively. Data 
obtained from the experimental plots were used to investigate crop response to both 
electrical conductivity of soil water (ECsw) and soil water content (θ ), assuming that the 
crop responded only to these two factors. Other possible factors affecting the yield were 
assumed to be constant according the following relationship: 
 Y= f (θ, ECsw, X)       (10) 
Where, X is the constant vector for considering other factors affecting the yield. 
The following various production functions were explored using the collected experimental 
data: 
Linear: 
 � = �� � ��� � ��(����)                     (11)     
Cobb-Douglas: 
 � = �����(����)�� � ��(�) = ��(��) � ����(�) � ����(����)    (12) 
Quadratic: 
  � = �� � ��� � ���� � ��(����) � ��(����)� � ���(����)       (13)  
Transcendental: 
� = �����(����)�����(��� � ��(����) � ��(�) =	
 	��(��) � 			����(�) �	����(����) � ��� � ��(����)   (14) 
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allows exploration of different management strategies by using appropriate water–salinity 
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 Y= f (θ, ECsw, X)       (10) 
Where, X is the constant vector for considering other factors affecting the yield. 
The following various production functions were explored using the collected experimental 
data: 
Linear: 
 � = �� � ��� � ��(����)                     (11)     
Cobb-Douglas: 
 � = �����(����)�� � ��(�) = ��(��) � ����(�) � ����(����)    (12) 
Quadratic: 
  � = �� � ��� � ���� � ��(����) � ��(����)� � ���(����)       (13)  
Transcendental: 
� = �����(����)�����(��� � ��(����) � ��(�) =	
 	��(��) � 			����(�) �	����(����) � ��� � ��(����)   (14) 
 
Crop Production Technologies 86
The optimal production function was selected based upon statistical analysis. The 
coefficients of various production functions were estimated using the Ordinary Least 
Square (OLS) technique (SPSS, version 11.5). T-statistic of model’s coefficients for 
determination of significantly different, F-value, R2, Standard Error (SE) and Relative 
Error (RE) were estimated for comparison of various production functions. The RE was 
computed by: 
 �� = ��� � ��� ���                    (15) 
where, Ym and Yp are measured and predicted yield. 
The marginal production of water content (MP θ ) and salinity (MPECsw), the marginal 
value product of θ (VMPθ) and ECsw (VMPECsw) and the marginal rate of technical 
substitution of θ  and ECsw (MRTS ECswθ ) were determined using the selected production 
function as: 
 ��� = �� ���                       (16) 
 ������ = �� ��������      (17)  
 ���� = ������                      (18) 
 ������� = �����������                    (19) 
 
 ����������� = ��� ���������               (20) 
where, Py is wheat price. 
Table 6 shows the amount of matric potential (h), osmotic potential (ho) and wheat grain 
yield in different treatments. Generally, a rather consistent decrease in yield with increasing 
salinity application for a given irrigation treatment and a rather constant increase in yield 
with increasing water application for a given saline water. In the W1S1 treatment, the total 
water potential was -6678 cm, which is somewhat lower than the total potential of –6,403 cm 
in the W3S3 treatment. The yield reduction for the W1S1 treatment compared to W3S1 was 
17%, and for the W3S3 treatment it was 7%. For the W1S1 treatment, the matric potential 
contributed 38% of the total water potential as compared to 26% for the W3S3 treatment. The 
results suggest that the reduction of the yield due to joint salinity and water stress are not 
confirmed by the previously proposed simple linear additive and multiplicative concepts. 
For example, in the first year, yield reduction for the W1S1 and W3S4 treatments were, 
respectively, 0.17 and 0.12 compared to W3S1, while the yield reduction for the combined 
stress W1S4 was 0.26. The same results were obtained in the second year. Matric and osmotic 
potentials were additive in their effect on yield, but the amount of yield reduction due to 
unit increase of matric potential was more than that due to unit increase of osmotic 
potential.  
 
Optimizing Water Consumption Using Crop Water Production Functions 87 
Treatments Matric Potential Osmotic Potential Yield 
 h (cm) ho (cm) (kg ha-1) 
































































































































Table 6. Average seasonal matric and osmotic potential and grain yield per treatment 
combination  
The estimated coefficients and the statistical analysis of various production functions are 
shown in Table 8. The results indicate that transcendental and quadratic production functions 
provide a better fit to the data. The determination coefficient (R2) of the transcendental 
function is about 0.94 (two years average) and larger than the other functional forms. The R2 
values in the transcendental and quadratic production functions suggest that 94% of the yield 
variability is explained by the variations of ECsw andθ . It is also found that the transcendental 
model provides a higher F-value and lower standard error (SE) compared to the quadratic 
model (Table 7). Furthermore, RE of the various production functions suggests that the 
transcendental model is the best. In addition, the transcendental form of the production 
function is found useful in describing input-output data including all three stages of the 
production curve with increasing positive, decreasing positive and negative marginal products 
(Sankhayan, 1988). As a result, in this study the transcendental model is found as a suitable 
wheat production function under salinity–water stress conditions.  
The isoquant curves of wheat relative yield obtained using the transcendental production 
function are shown in Figure 5. These curves provide the different combinations of θ  and 
ECsw that result in the same yield. For a given θ , increase of ECsw results in the decrease of 
relative yield and for a given ECsw relative yield increases with increasing θ . In general, the 
relative yield is strongly affected by both θ  and ECsw. Isoquant curves (Figure 5) indicate 
that each one of the two factors (ECsw and θ) can be substituted by the other one for a wide 
range in order to achieve equal amount of yield. The higher level of ECsw can be used with 
increasing soil water content, without yield reduction. For a given relative yield, results 
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The estimated coefficients and the statistical analysis of various production functions are 
shown in Table 8. The results indicate that transcendental and quadratic production functions 
provide a better fit to the data. The determination coefficient (R2) of the transcendental 
function is about 0.94 (two years average) and larger than the other functional forms. The R2 
values in the transcendental and quadratic production functions suggest that 94% of the yield 
variability is explained by the variations of ECsw andθ . It is also found that the transcendental 
model provides a higher F-value and lower standard error (SE) compared to the quadratic 
model (Table 7). Furthermore, RE of the various production functions suggests that the 
transcendental model is the best. In addition, the transcendental form of the production 
function is found useful in describing input-output data including all three stages of the 
production curve with increasing positive, decreasing positive and negative marginal products 
(Sankhayan, 1988). As a result, in this study the transcendental model is found as a suitable 
wheat production function under salinity–water stress conditions.  
The isoquant curves of wheat relative yield obtained using the transcendental production 
function are shown in Figure 5. These curves provide the different combinations of θ  and 
ECsw that result in the same yield. For a given θ , increase of ECsw results in the decrease of 
relative yield and for a given ECsw relative yield increases with increasing θ . In general, the 
relative yield is strongly affected by both θ  and ECsw. Isoquant curves (Figure 5) indicate 
that each one of the two factors (ECsw and θ) can be substituted by the other one for a wide 
range in order to achieve equal amount of yield. The higher level of ECsw can be used with 
increasing soil water content, without yield reduction. For a given relative yield, results 
 
Crop Production Technologies 88
Variables Linear Cobb-Douglas Quadratic Transcendental 




























































































































































































































































































































1,2 Values in the parenthesis show t statistic values and standard error (SE), respectively. **significant at 
level P <0.01 by LSD range. *significant at level P <0.05 by LSD range. ns= not significant 
Table 7. Estimated coefficients for each of the examined wheat water-salinity production 
functions. 
show that the optimal combination of ECsw and θ is located where the slope of the isoquant 
lines is parallel to the θ axis. From this point forward, an increase of θ will not result in 
increasing the yield. For example, a relative yield of 85% can be obtained with water content 
of 25% and ECsw of 8 dS/m. If ECsw increases to 12.2 dS/m, previous relative yield (85%) can 
be achieved, but the water content must be increased to 27%. The direction of the isoquant 
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curves changes for ECsw less than 6.5 dS/m. The slope of the isoquant curves becomes 
parallel to ECsw axis. This means that by increasing ECsw from 0 to 6.5 dS/m the relative 




Fig. 5. Calculated isoquant curves of wheat relative yield (Yr) as a function of the 2001-2002 
seasonal average θ and ECsw 
Maas and Hoffman (1977) did not consider soil water contents. They obtained and reported 
yield as a function of the ECe. In fact, soil water content was not a limiting factor in their 
study. Consequently, their function applies only to well watered conditions and inherently 
cannot be construed to have implications to situations where soil water content is limiting. 
Letey et al. (1985) assumed that the relative yield becomes maximal at ECsw equal to zero. 
However, it is clear that the relative yield does not become maximal at ECsw equal to zero 
because ECsw = 0 implies that there is not any mass (i.e., fertilizer) in the soil, which it can 
provide minimum relative yield. Of course, Letey et al. (1985) did not intend an 
extrapolation to a situation where all nutrients are removed from the soil.  
The MRTSθECsw for the two growing seasons were 0.96 and 0.67, respectively. This means 
that one unit increase in ECsw requires the soil water content to be increased by a factor of 
0.96 and 0.67 to prevent the yield reduction in two studied years. The marginal production 
of θ (MPθ) and ECsw (MPECsw) were 125 and -121 kg/ha, respectively in the first year, and 
232 and -158 kg/ha, respectively in the second year. It means that the marginal value of 
income per hectare due to one unit increase in water content is US$50 (two years average) 
and the marginal value of damage per hectare due to an increase in ECsw is US$38 (Py = 
US$0.28). Using the Cobb-Douglas model, Datta and Dayal (2000) reported that the 
marginal value product of water quantity of irrigation water and the marginal value of 
damage of water quality were US$1.2/ha and US$4.2/ha, respectively.  
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level P <0.01 by LSD range. *significant at level P <0.05 by LSD range. ns= not significant 
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The iso-( Y θ∂ ∂ ) and iso-( Y ECsw∂ ∂ ) lines determined using the transcendental model are 
shown in Figs. 6a and 6b, respectively. In the dry soil (for θ less than 21%), the rate of change 
of the yield with θ ( Y θ∂ ∂ ) increase as θ increase and ECsw decrease. On the contrary, in the 
wet soil (for θ more than 22%) Y θ∂ ∂  decreases as both θ and ECsw increase (Figure 6a). The 
rate of change of yield with θ becomes negative at water content of over 32% (data was not 
showed in Figure 6a). Figure 5a revealed that Y θ∂ ∂  is influenced by θ  changes, but 
slightly changes with ECsw variations. Findings of Letey et al. (1985) for a given ECe showed 
that Y W∂ ∂ was affected by applied water. The decreasing yield per unit increase in soil 
water content is consistent with the findings of Letey et al. (1985). The Y ECsw∂ ∂ increases 
(with negative slope) as both θ  and ECsw increase (Figure 6b). In the dry soil, the ECsw 
variation has a little effect on Y ECsw∂ ∂  and θ variation has a more effect on Y ECsw∂ ∂ . In 
contrary, in the wet soil, the ECsw variation has a more effect on Y ECsw∂ ∂ and θ variation 
has a little effect on Y ECsw∂ ∂ .  
 
 
Fig. 6. Calculated isoquant curves representing the variation of δY/δθ (a) and δY/δECsw as a 
function of the 2001-02 seasonal average θ and ECsw 
7. Conclusion 
Knowledge of water-yield relation (production function) is necessary in order to achieve 
optimal amounts of irrigation water and sustainable production. Optimizing water use is a 
type of management options that may establish relationship between land and water under 
limitation of water/ land conditions so that the crop production is economically affordable 
and technically also be possible. Optimal irrigation water application was considered by 
generated crop water production functions for some cultivars of wheat and soybean in 
different amount of water under non–saline and also combined salinity and water stress 
conditions. Estimated water production function for any cultivars showed that they have 
different constants as well as different response to water, resulting the appropriate varieties 
for higher productivity of water can be selected. Quantitative comparison of two strategies 
a b
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of full irrigation and deficit irrigation has shown that if producers instead of full irrigation 
the part of farm,  use  deficit irrigation to increase irrigated area, total production and total 
revenue will increase. To minimize risk with water stress on crop yield reduction, it is 
needed to know sensitivity of different growth stages of crop to water stress. Considering 
the trend of crop yield under different amounts of irrigation water (steep slope in the deficit 
irrigation and less slope in full irrigation) priority allocation water resource to little water 
areas is a very effective strategy for optimal use of water resources, increasing production 
and farmers income. The reduction in yield due to joint salinity and water stress was not 
confirmed by the simple linear additive and multiplicative concepts. It was found that 
transcendental and quadratic production functions reasonably well predicted the yield 
under salinity and water stress conditions. The results revealed that yield reduction due to a 
unit increase of matric potential (i.e., water content) was not the same as that due to a unit 
increase of osmotic potential (i.e., salinity). The effect of soil water content on the rate of 
change of wheat yield was more pronounced than the effect of salinity. Iso-quant curves 
indicated that soil water content and salinity can be substituted by one another for a wide 
range to achieve equal amount of yield. Crop-water productions derived with the 
experimental approaches are site– and year–specific. Therefore, generalization of the 
production functions would not be so easy.  
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1. Introduction 
Climate plays an important role in crop biomass production. Extreme climatic conditions 
and high seasonal variability of climatic parameters could adversely affect productivity (Li 
et al., 2006) since rainfall determines the crop yields and the choice of the crops that can be 
grown. The pattern and amount of rainfall are among the most important factors that affect 
cropping systems. The analysis of rainfall records for long periods provides information 
about rainfall patterns and variability (Lazaro et al., 2001). Drought mitigation can be 
planned by understanding daily rainfall behaviour (Aghajani, 2007). Dry spell analysis 
assists in estimating the probability of intra-season drought in order to adjust water 
management practices (Tesfaye and Walker, 2004; Kumar and Rao, 2005). 
It is important to know the likely durations and probability of wet spells particularly at 
critical times during the growing season (Dennet, 1987; Sivakumar, 1992). Probability 
distributions are used widely in understanding the rainfall pattern (Abdullah and Al-
Mazroui, 1998). The normal distribution is one of the most important and widely used 
parameter in rainfall analysis (Kwaku and Duke, 2007). Despite the wide applicability of the 
normal distribution, there are many instances when observed rainfall distributions are 
neither normal nor symmetrical. Rainfall can be abnormally distributed (Stephens, 1974) 
except in wet regions (Edwards et al., 1983). Jackson (1977) observed that annual rainfall 
distributions are markedly skewed in semi-arid areas and the assumption of normal 
frequency distribution for such areas is inappropriate. Rainfall can also be described by 
other distributions such as Gamma distribution (Abdullah and Al-Mazroui, 1998; Aksoy, 
2000; Garcia et al., 2007), the log-Pearson type III distribution (Chin-Yu, 2005), the Weibull 
and Gumbel distributions (Tilahun, 2006). 
In semi-arid areas, marginal and erratic rainfall, exacerbated by high runoff and evaporation 
losses, constrain crop production. The ecotope at Thohoyandou experiences these 
conditions. By definition, an ecotope is a homogenous piece of land with a unique 
combination of climate, topographic and soil characteristics (Hensley et al. 2000). In order to 
understand the feasibility of using a water harvesting system at the ecotope, rainfall analysis 
and the identification of prevailing rainfall patterns is required (Dennet, 1987; Rappold, 
2005). The major objectives of this chapter are to outline (i) an analysis of long-term (1983-
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In semi-arid areas, marginal and erratic rainfall, exacerbated by high runoff and evaporation 
losses, constrain crop production. The ecotope at Thohoyandou experiences these 
conditions. By definition, an ecotope is a homogenous piece of land with a unique 
combination of climate, topographic and soil characteristics (Hensley et al. 2000). In order to 
understand the feasibility of using a water harvesting system at the ecotope, rainfall analysis 
and the identification of prevailing rainfall patterns is required (Dennet, 1987; Rappold, 
2005). The major objectives of this chapter are to outline (i) an analysis of long-term (1983-
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2005) rainfall data recorded for the ecotope at Thohoyandou in the Limpopo River basin 
(LRB) (South Africa) in order to provide a basis for future management of crop production 
and (ii) viable options for sustainable crop production at the location and similar agro-
ecological areas.  
2. Analyses of rainfall distribution patterns 
Rainfall distribution patterns can change over a given period. This is expected particularly 
when taking into account the global climate change. This climate change impacts negatively 
on agricultural activities (Rosenweig and Parry, 1994; Rosenberg 1992). The nature of the 
changes in rainfall distribution patterns may also depend on the geographical location of the 
area of interest. 
2.1 Geographical location of the ecotpe 
The ecotope used in this study is located at the University of Venda (21o 58’ S, 30o 26’ E; 596 
m above sea level) at Thohoyandou in the LRB. The location falls in the lowveld of the 
greater LRB which is situated in the southern part of southern Africa between about 20o and 
26o S latitude and 25 and 35o E longitude. The greater LRB encroaches over the national 
borders of four different countries namely Botswana, Mozambique, South Africa and 
Zimbabwe. According to the Koppen Classification, the basin is predominantly semi-arid.  
The daily temperatures at Thohoyandou vary from about 25C to 40o C in summer and 
between approximately 12C and 26o C in winter. Rainfall is highly seasonal with 95% 
occurring between October and March, often with a mid-season dry spell during critical 
periods of crop growth (FAO, 2009). Mid-season drought often leads to crop failure and low 
yields (Beukes et al., 1999). The average rainfall is about 800 mm but varies temporarily. The 
soils at the ecotope are predominantly deep (>150 cm), red and well drained clays with an 
apedal structure. Clay content is generally high (60 %) and soil reaction is acidic (pH 5.0). 
The soils are formed in situ and classified locally as Hutton form (Soil Classification 
Working Group, 1991) equivalent to Rhodic Ferralsol (WRB, 2006). 
2.2 Statistical analysis of rainfall data 
The records of daily rainfall data and reference potential evapotranspiration records were 
obtained from local institutions (the National Weather Service and Research Council) and 
used for determining annual and monthly totals. The years or consecutive months with 
missing data were not included in the calculations of averages. This was so for 1982, 2006 
and 2007. Consequently, a 23 year rainfall data set (1983-2005) was analyzed following the 
standard procedure for analysing rainfall data for agricultural purposes which involves 
summarising the daily data to obtain monthly totals and then annual totals (Abeyasekera et 
al., 1983). This was done partly to reduce the volume of data in subsequent analyses. The 
approaches used in data analysis were similar to those used by Belachew (2002) and Tilahun 
(2006).  
2.3 Rainfall distribution pattern and probability distribution models  
The identification of the probability distributions of annual and monthly rainfall data was 
also important. The observed distributions were fitted to theoretical probability 
distributions by comparing the frequencies (Tilahun, 2006). Data normality was tested using 
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skewness and kurtosis coefficients and probability distributions were evaluated with the aid 
of probability plots and curve fitting using Minitab 14 statistical software (Minitab Inc., 
2004) ). The goodness-of-fit tests were based on the Anderson-Darling (AD) test (Stephens, 
1974) which measures how well the data follow a particular distribution pattern. The p-
value with the greatest magnitude was considered to be the best fit. Where the p-values 
were equal, the smallest AD value was then used to decide the best fit. Rainfall data from 
October to March (which is the cropping season at the ecotope) were considered in fitting 
distributions. In addition, four probability distribution models namely the normal, 
lognormal, Gamma and Weibull distributions were tested (Table 1). 
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Table 1. Probability distribution models used for testing the rainfall distribution patterns at 
the ecotope.  
The results of the analysis showed that there was variation among the AD values depending 
on the distribution model applied (Table 2). Based on the AD goodness-of-fit and p-values, 
the normal distribution model was the best in describing the annual rainfall at the ecotope. 
This was in agreement with the observation reported previously for a semi-arid 
environment in Kenya at which the annual rainfall approximated a normal distribution 
(Rowntree, 1989). In contrast, 50% of the monthly rainfall patterns during the cropping 
season (October to March) were described best by the lognormal theoretical distribution 
model (Table 3). This suggested that for a given ecotope, the distribution model that best 
describes the annual rainfall pattern is not necessarily identical to that describing the 
monthly rainfall pattern. In addition, the results also suggested that there is no constant best 
distribution function for rainfall distribution for all the months at an ecotope. In a similar 
study in Ethiopia, Tilahun (2006) found that most of the monthly rainfall data sets were best 
described by the lognormal distribution while annual rainfall distribution patterns fitted 
either the Weibull or the Gumbel or the Gamma distribution models. 
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The results of the analysis showed that there was variation among the AD values depending 
on the distribution model applied (Table 2). Based on the AD goodness-of-fit and p-values, 
the normal distribution model was the best in describing the annual rainfall at the ecotope. 
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environment in Kenya at which the annual rainfall approximated a normal distribution 
(Rowntree, 1989). In contrast, 50% of the monthly rainfall patterns during the cropping 
season (October to March) were described best by the lognormal theoretical distribution 
model (Table 3). This suggested that for a given ecotope, the distribution model that best 
describes the annual rainfall pattern is not necessarily identical to that describing the 
monthly rainfall pattern. In addition, the results also suggested that there is no constant best 
distribution function for rainfall distribution for all the months at an ecotope. In a similar 
study in Ethiopia, Tilahun (2006) found that most of the monthly rainfall data sets were best 
described by the lognormal distribution while annual rainfall distribution patterns fitted 
either the Weibull or the Gumbel or the Gamma distribution models. 
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 Normal Lognormal Gamma Weibull 
 AD μ σ The p-values AD μ σ p-value AD α β 
p-
value AD α β 
The p-
values 
Oct 1.168 64.38 56.41 <0.005 0.308 3.775 0.9904 0.533 0.250 45.14 1.420 >0.250 0.269 68.86 1.216 >250 
Nov 1.529 97.89 77.14 <0.005 0.370 4.292 0.8297 0.397 0.466 52.59 1.861 >0.250 0.555 107.80 1.385 0.154 
Dec 0.912 140.00 89.59 0.017 0.289 4.735 0.6718 0.584 0.419 54.17 2.583 >0.250 0.474 157.80 1.695 0.232 
Jan 0.595 135.00 100.20 0.109 0.489 4.578 0.9126 0.200 0.341 80.48 1.677 >0.250 0.316 147.90 1.384 >250 
Feb 0.905 133.90 117.10 0.017 0.539 4.375 1.2060 0.149 0.389 122.30 1.094 >0.250 0.404 137.70 1.078 >0.250 
Mar 0.958 91.63 79.50 0.013 0.995 4.086 1.0910 0.010 0.519 70.57 1.298 0.218 0.478 97.06 1.185 0.228 
Annu-
al 0.339 781.50 248.10 0.468 0.818 6.603 0.3711 0.029 0.586 89.43 8.738 0.144 0.361 867.30 3.634 >0.250 
AD = Anderson-Darling statistic 
Table 2. Goodness-of-fit values and parameters of theoretical probability distributions fitted 
to annual and monthly rainfall data  
 













Table 3. The best-fit distribution models for the respective monthly rainfall patterns at the 
semi-arid ecotope in the Limpopo River basin. 
2.4 The exceedance probability of annual and monthly rainfall 
Apart from establishing the rainfall distribution pattern, the exceedance probability of 
annual and monthly rainfall, was calculated. By definition, it is the probability that a given 
amount of rainfall is exceeded in a specific unit period. The probability of exceedance of 
annual and monthly rainfall was calculated from the respective rainfall distribution 
parameters as obtained from testing the probability distribution models described in section 
2.3. This information is useful in selecting crops since each crop has a specific water 
requirement to take it through the growth cycle (Rappold, 2005). The information may also 
be critical in designing appropriate water storage facilities for supplementary irrigation in 
future. In order for such facilities to be efficient, they need to be constructed in proportion to 
the amount of water that can be expected during a rainfall event (Schiettecatte, 2005). 
However, the chances of implementing such strategies in many parts of Africa inhabited by 
smallholder farmers remain remote and highly unlikely.  
At the ecotope, the probability of exceeding various amounts of annual rainfall diminished 
as the threshold rainfall amount increased. For example, there was 94 % chance of receiving 
annual rainfall >400 mm whilst the chance of having >1 500 mm of rainfall was zero (Table 
4). There was 47 % probability of exceeding 800 mm of annual rainfall. During February, 
there was a 72% chance of receiving rainfall ≥ 5.0 mm yet the probability of receiving rainfall 
> 500.0 mm diminished to 2.0% (Table 5). The mean annual rainfall for the site was about 
781.0 mm (Table 6). 
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Table 4. The probability of receiving annual rainfall exceeding specific amounts ranging 
from 400.0 mm to 1 500.0 mm. 
 
Month Monthly Rainfall (mm)










Probability of exceedance (%)
 
99.0 44.0 20.0 6.0 1.0 0.0 
100.0 68.0 35.0 11.0 1.0 1.0 
100.0 89.0 58.0 20.0 1.0 1.0 
99.0 80.0 56.0 22.0 0.0 0.0 
72.0 71.0 49.0 22.0 2.0 0.0 
97.0 63.0 35.0 9.0 0.0 0.0 
 
Table 5. The probability of receiving monthly rainfall exceeding specific amounts ranging 
from 5.0 mm to 600.0 mm  
 
Parameter Mean SD CV Min Max SC KC 
Oct 64.38 56.41 1.14 3.5 243.8 1.64 3.31 
Nov 97.89 77.14 1.27 7.3 296.5 1.40 1.20 
Dec 139.95 89.59 1.56 31.3 331.7 0.78 -0.68 
Jan 134.96 100.24 1.35 12.0 420.0 1.02 1.29 
Feb 133.87 117.07 1.14 5.3 420.7 0.87 -0.02 
Mar 91.63 79.50 1.15 5.7 361.2 1.87 5.15 
Apr 39.87 53.94 0.74 0.1 249.2 2.57 8.55 
May 17.74 35.35 0.50 0.0 162.7 3.53 13.74 
Jun 12.41 14.10 0.88 0.0 45.9 1.00 -0.16 
Jul 8.00 15.29 0.52 0.0 67.3 3.01 10.37 
Aug 7.87 10.87 0.72 0.0 48.5 2.67 8.60 
Sept 25.29 38.11 0.66 0.0 162.5 2.58 7.35 
Annual 781.47 248.07 3.15 281.2 1239.3 -0.15 -0.14 
CV = Coefficient of variation; SD = Standard deviation; SC = Skewness coefficient; KC = Kurtosis 
coefficient. 
Table 6. Statistical parameters for mean monthly and annual rainfall data (1983-2005).  
2.5 The probability of dry spells 
Equally important was determining the probability of dry spells. A dry day was defined as a 
day receiving less than 1.0 mm of rainfall. A dry spell was a sequence of dry days bracketed 
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semi-arid ecotope in the Limpopo River basin. 
2.4 The exceedance probability of annual and monthly rainfall 
Apart from establishing the rainfall distribution pattern, the exceedance probability of 
annual and monthly rainfall, was calculated. By definition, it is the probability that a given 
amount of rainfall is exceeded in a specific unit period. The probability of exceedance of 
annual and monthly rainfall was calculated from the respective rainfall distribution 
parameters as obtained from testing the probability distribution models described in section 
2.3. This information is useful in selecting crops since each crop has a specific water 
requirement to take it through the growth cycle (Rappold, 2005). The information may also 
be critical in designing appropriate water storage facilities for supplementary irrigation in 
future. In order for such facilities to be efficient, they need to be constructed in proportion to 
the amount of water that can be expected during a rainfall event (Schiettecatte, 2005). 
However, the chances of implementing such strategies in many parts of Africa inhabited by 
smallholder farmers remain remote and highly unlikely.  
At the ecotope, the probability of exceeding various amounts of annual rainfall diminished 
as the threshold rainfall amount increased. For example, there was 94 % chance of receiving 
annual rainfall >400 mm whilst the chance of having >1 500 mm of rainfall was zero (Table 
4). There was 47 % probability of exceeding 800 mm of annual rainfall. During February, 
there was a 72% chance of receiving rainfall ≥ 5.0 mm yet the probability of receiving rainfall 
> 500.0 mm diminished to 2.0% (Table 5). The mean annual rainfall for the site was about 
781.0 mm (Table 6). 
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Table 4. The probability of receiving annual rainfall exceeding specific amounts ranging 
from 400.0 mm to 1 500.0 mm. 
 
Month Monthly Rainfall (mm)










Probability of exceedance (%)
 
99.0 44.0 20.0 6.0 1.0 0.0 
100.0 68.0 35.0 11.0 1.0 1.0 
100.0 89.0 58.0 20.0 1.0 1.0 
99.0 80.0 56.0 22.0 0.0 0.0 
72.0 71.0 49.0 22.0 2.0 0.0 
97.0 63.0 35.0 9.0 0.0 0.0 
 
Table 5. The probability of receiving monthly rainfall exceeding specific amounts ranging 
from 5.0 mm to 600.0 mm  
 
Parameter Mean SD CV Min Max SC KC 
Oct 64.38 56.41 1.14 3.5 243.8 1.64 3.31 
Nov 97.89 77.14 1.27 7.3 296.5 1.40 1.20 
Dec 139.95 89.59 1.56 31.3 331.7 0.78 -0.68 
Jan 134.96 100.24 1.35 12.0 420.0 1.02 1.29 
Feb 133.87 117.07 1.14 5.3 420.7 0.87 -0.02 
Mar 91.63 79.50 1.15 5.7 361.2 1.87 5.15 
Apr 39.87 53.94 0.74 0.1 249.2 2.57 8.55 
May 17.74 35.35 0.50 0.0 162.7 3.53 13.74 
Jun 12.41 14.10 0.88 0.0 45.9 1.00 -0.16 
Jul 8.00 15.29 0.52 0.0 67.3 3.01 10.37 
Aug 7.87 10.87 0.72 0.0 48.5 2.67 8.60 
Sept 25.29 38.11 0.66 0.0 162.5 2.58 7.35 
Annual 781.47 248.07 3.15 281.2 1239.3 -0.15 -0.14 
CV = Coefficient of variation; SD = Standard deviation; SC = Skewness coefficient; KC = Kurtosis 
coefficient. 
Table 6. Statistical parameters for mean monthly and annual rainfall data (1983-2005).  
2.5 The probability of dry spells 
Equally important was determining the probability of dry spells. A dry day was defined as a 
day receiving less than 1.0 mm of rainfall. A dry spell was a sequence of dry days bracketed 
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by wet days on both sides (Kumar and Rao, 2005). The analysis of the frequency of dry 
spells was adapted from the method of Belachew (2002). In this approach, a period of Y 
years of records, the number of times i that a dry spell of duration t days occurs, was 
counted on a monthly basis; then the number of times I that a dry spell of duration longer 
than or equal to t occurs was computed through accumulation. The consecutive dry days 
(1d, 2d, 3d …) were prepared from historical data. The probabilities of occurrence of 
consecutive dry days were estimated by taking into account the number of days in a given 
month n. The total possible number of days, N, for each month over the analysis period was 
computed as, N = n*Y, hence the probability p that a dry spell equal or longer than t days 




The distribution of daily rainfall totals by amount and frequency was obtained by using 
frequency analysis of historic daily rainfall data. The statistical parameters (namely the 
mean, standard deviation, coefficient of variation, coefficient of skewness and coefficient of 
kurtosis) for both the annual and monthly rainfall were also determined (Table 6). For a 
normal distribution, the skewness and kurtosis coefficients should be zero or near zero. This 




























Fig. 1. Probability of a dry spell lasting ≥n days in each month estimated using the raw data 
from 1983-2005 at the semi-arid ecotope. (n=3, 5, 7, 15, 21). 
The occurrence of dry spells has particular relevance to rain-fed agriculture, as rainfall water is 
one of the major requirements for plant life in rain-fed agriculture (Belachew, 2002; Rockstrom 
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et al., 2002). The probability of occurrence of dry spells of various durations varied from 
month to month (Fig. 1). December had the lowest probabilities of occurrence of dry spells of 
all durations. Generally the occurrence of dry spells of all durations decreased between 
October and March. This period coincides with the rainy season in the region (Lynch et al., 
2001). The probability of having a dry spell increased with the reduction in the duration of the 
dry spell. In other words, there were more chances of having a 3d dry spell than a 10 or 21d 
dry spell. For instance, in December, there was 20% probability of having a dry spell lasting 
five days but 0% probability of having a dry spell lasting 21d (Fig. 1). This trend was in 
agreement with observations reported in literature (Sivakumar, 1992; Aghajani , 2007). 
2.6 The variability of rainfall 
The rainfall data for the ecotope indicated that monthly rainfall was strongly skewed to the 
right (high positive values of skewness coefficients) and highly leptokurtic, a phenomenon 
common in semi-arid regions. The yearly rainfall analysis indicated that the mean annual 
rainfall (781.0 mm) at the ecotope was accompanied by a high (248.0 mm) standard deviation. 
In addition, the coefficient of variation of the annual rainfall was high (315 %) indicating high 
variability of rainfall from year to year. The monthly rainfall analysis indicated that the site 
receives about 80% of annual rainfall during the period October to March (Fig. 2). This was in 
agreement with the observation that most of the rainfall amount in the region occurs between 
October and March (Landman and Klopper, 1998). However, this rainfall amount received at 
the the ecotope should be approached with caution partly because of the relatively high 
potential evapotranspiration. The effective rainfall is low. The coefficient of variation for the 
monthly rainfall was high (156 %) confirming the high variability in the monthly rainfall at the 
location. This result was consistent with the findings by Tyson (1986) who reported a similar 





























Fig. 2. Mean monthly rainfall and potential evapotranspiration (ETo) over a 23-year period 
at the semi-arid ecotope.  
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by wet days on both sides (Kumar and Rao, 2005). The analysis of the frequency of dry 
spells was adapted from the method of Belachew (2002). In this approach, a period of Y 
years of records, the number of times i that a dry spell of duration t days occurs, was 
counted on a monthly basis; then the number of times I that a dry spell of duration longer 
than or equal to t occurs was computed through accumulation. The consecutive dry days 
(1d, 2d, 3d …) were prepared from historical data. The probabilities of occurrence of 
consecutive dry days were estimated by taking into account the number of days in a given 
month n. The total possible number of days, N, for each month over the analysis period was 
computed as, N = n*Y, hence the probability p that a dry spell equal or longer than t days 




The distribution of daily rainfall totals by amount and frequency was obtained by using 
frequency analysis of historic daily rainfall data. The statistical parameters (namely the 
mean, standard deviation, coefficient of variation, coefficient of skewness and coefficient of 
kurtosis) for both the annual and monthly rainfall were also determined (Table 6). For a 
normal distribution, the skewness and kurtosis coefficients should be zero or near zero. This 




























Fig. 1. Probability of a dry spell lasting ≥n days in each month estimated using the raw data 
from 1983-2005 at the semi-arid ecotope. (n=3, 5, 7, 15, 21). 
The occurrence of dry spells has particular relevance to rain-fed agriculture, as rainfall water is 
one of the major requirements for plant life in rain-fed agriculture (Belachew, 2002; Rockstrom 
The Nature of Rainfall at a Typical Semi-Arid Tropical Ecotope  
in Southern Africa and Options for Sustainable Crop Production 
 
99 
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2.7 Agro-climatic zonation 
An aridity index represents climatic aridity and is used to determine the adequacy of 
rainfall in satisfying the water needs of the crop (Tsiros et al., 2008). Mzezewa et al. (2010) 
reported that the aridity index for the study area was 0.52. Based on the UNESCO (1979) 
classification criteria, the study area is on the borderline case between semi-arid and sub-
humid since it receives low rainfall and experiences high evapotranspiration. At the semi-
arid ecotope at Thohoyandou, the potential evapotranspiration was consistently higher than 
the mean monthly rainfall throughout the year (Fig. 2) indicating that rainfall was not 
effective at the study site. Moreover, research conducted elsewhere in semi-arid regions 
showed that approximately 70 % of annual rainfall is lost due to evaporation from the soil 
(Hoffman, 1990; Jalota and Prihar, 1990; Botha et al., 2003). Therefore, the adoption of 
effective practices that maximise the utilization of rainfall and minimize water loss is 
imperative so as to achieve sustainable crop production at the ecotope. 
3. Options for crop production 
Information on rainfall amount and variability is important in deciding on the choice of 
crops and cultivars to produce at the ecotope. The rainfall threshold under rain-fed 
conditions varies from one crop species to the other and depends on a combination of 
several environmental factors such as soil type and diurnal temperatures. For instance, the 
water retention properties of sandy soils would be considerably different from those of clay 
soils while high day temperatures encourage evapotranspiration. Although the mean 
annual rainfall at the ecotope was in excess of 700 mm, there was high variability (315%) in 
the quantity of rainfall received. Nonetheless, the high evaporative demand as indicated by 
the Aridity Index (0.52) of the ecotope means that most of the rain is not available for crop 
use. On the other hand, the optimum rainfall for a staple cereal such as corn (Zea mays) is 
considered to range between 500 and 800 mm (Ovuka and Linqvist, 2000) but in crop 
production, the distribution of the rainfall is critical.  
This spatial and temporal variability in annual rainfall experienced in the area imposes 
several major challenges for crop growers particularly small-holder farmers. Therefore, their 
crop choices must take into consideration the challenges imposed by moisture stress during 
the cropping season. In this regard, the use of drought tolerant crop technologies as a means 
for achieving sustainable crop production in the area is merited. Such crops include specific 
legumes and small-grain cereals. 
3.1 Cropping systems 
The ecotope is an agro-ecological representation of the prevailing conditions in the 
Limpopo basin. The crop production at the ecotope is dependent on the agricultural 
systems in the area. The systems consist of either the large-scale sector or small-scale 
sector (also called the small-holder sector). The latter is more prevalent and is 
characterized by resource-poor farmers in possession of small land holdings averaging 
approximately 0.4 ha per household. The pressure of limited land for cultivating crops, 
insufficient production inputs as well as the subsistence form of crop production 
practiced by typical smallholder farmers largely influence the types of crops they grow. 
The cropping systems typically consist of rain-fed cereals such as corn grown either in a 
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monocrop or intercropped with a variety of minor crops such as peanut (Arachis hypogeae), 
common bean (Phaseolus vulgaris), cowpea (Vigna unguiculata). Corn is the staple cereal. In 
some sub-regions of the LRB such as the dry-land area of Sekhukhune district, the farmers 
grow small grain cereals (especially millets) intercropped with tapery bean (Phaseolus 
acutifolius). In contrast, crop production in the large-scale sector is more intensive, highly 
mechanized and commercially oriented.  
3.2 Drought tolerant legumes 
The specific legume species recommended for production under these frequent moisture 
deficit conditions include chickpea (Cicer arietinum), cowpea (Vigna unguiculata) pigeonpea 
(Cajanus cajan) and tapery bean (Phaseolus acutifolius). These legumes offer to the farmers 
numerous advantages ranging from promiscuous (non-specific or tropical) type of 
nodulation to high potential for income generation (Table 7). Their ability to form effective 
nodules with soil rhizobia ubiquitous in African soils enables them to be sown without 
treating the seed with commercial inoculants. The legumes improve soil fertility through 
biological nitrogen fixation (Mapfumo et al., 1999; Serraj et al.,1999; Shisanya 2002) and 
provide food for human consumption. 
 
 Agronomic Aspect Chickpea Cowpea Pigeonpea Tapery bean 
(i) Requirement for 
commercial inoculants 
for seed at planting 
time 
None None None None 
(ii) Requirement for 
production inputs 
Minimal Minimal Minimal Minimal 
(iii) Tolerance to drought High Very High Very High High 
(iv) Yield potential 
(approx.) 
Very High 
(5.0 t ha-1) 
High 
(4.0 t ha-1) 
High 
(3.0 t ha-1) 
Medium to 
High 
(2.0 t ha-1) 
(v) Amount of N2-fixed 
(approx.) 
High 
(124 kg ha-1) 
Medium 
(120 kg ha-1) 
Very High 
(166 kg ha-1) 
Not Available 
(vi) Ability to ratoon and 
produce another 
harvest 
None None Yes None 
(vii) Requirement for 
expertise in seed 
production 
None to Very 
Low 
None to Very 
Low 
None to Very 
Low 
None to Very 
Low 
(viii) Household utilization Yes Yes Yes Yes 
(ix)  Storability High Low High Medium 
(x) Use as stock feed Yes Yes Yes Yes 
(xi) Demand in domestic 
or regional or 
international markets 
Very High Very High Very High Very High 
Table 7. Summary of important agronomic traits of four tropical legumes suitable for 
production by small-holder farmers at the ecotope. 
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monocrop or intercropped with a variety of minor crops such as peanut (Arachis hypogeae), 
common bean (Phaseolus vulgaris), cowpea (Vigna unguiculata). Corn is the staple cereal. In 
some sub-regions of the LRB such as the dry-land area of Sekhukhune district, the farmers 
grow small grain cereals (especially millets) intercropped with tapery bean (Phaseolus 
acutifolius). In contrast, crop production in the large-scale sector is more intensive, highly 
mechanized and commercially oriented.  
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numerous advantages ranging from promiscuous (non-specific or tropical) type of 
nodulation to high potential for income generation (Table 7). Their ability to form effective 
nodules with soil rhizobia ubiquitous in African soils enables them to be sown without 
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3.2.1 Mechanisms of drought tolerance in the legumes 
The legumes employ a variety of mechanisms to avoid the effects of moisture stress. One of 
such mechanisms is drought avoidance in which the legume plant maintains a relatively 
high tissue water potential despite a soil moisture deficit. The legume plant can also escape 
the effect of drought stress by completing its life cycle before the occurrence of soil and plant 
water deficit. In drought tolerance, the plants are able to withstand water deficit periods 
with low tissue water potential (Mitra 2001). According to Turner (1986), plants that utilize 
the drought tolerance mechanism are able to maintain turgor by accumulating compatible 
solutes in the cell environment (osmotic adjustment), increased cell elasticity, decreased cell 
volume and resistance to desiccation through protoplasmic resistance. Indeterminate 
legume types with sequential flowering are capable of recovering from drought spells 
producing a compensatory flush of pods when soil moisture is restored. In addition, the 
long tapered root associated with most leguminous species facilitates moisture acquisition 
from deep layers of the soil. 
Chickpea is unique partly because it is a post-rainy season (planted in April/May at the 
ecotope) crop which thrives on the residual moisture after other field crops are harvested. 
Under receding soil moisture conditions, the chickpea deep root system directly contributes 
to the grain yield (Kashiwagi et al., 2006). Because of the lack of competition for space with 
other crops in the field then, it is advantageous for the small-holder farmers who have 
limited land for cultivation and no irrigation facilities for producing off-season crops during 
the dry season (May to October). Chickpea is also tolerant to drought, producing higher 
yields in winter than in summer (Saxena et al., 1993; Katerji, et al., 2001; Kumar et al., 2001; 
Sabaghpour et al., 2006). On the other hand, tolerance to drought in both cowpea (Elhers 
and Hall 1997; Singh et al., 1999; Singh and Matsui, 2002) and pigeonpea (Gwata and 
Siambi, 2009; Kumar et al. 2011; Sekhar et al. 2010) have been reported. Apart from its ability 
to develop deep roots, cowpea can have reduced leaf size with thick cuticles that reduce 
water loss (Graham and Vance 2003). The crop utilizes a combination of avoidance, escape 
and tolerance mechanisms. In tapery bean, the preliminary results obtained from a study 
aimed at evaluating the potential of the crop at the ecotope, showed that it matures early, 
within three months after planting. According to Beaver et al. (2003), selecting for early 
maturity, efficiency in nutrient partitioning to the reproductive structures as well as 
phenotypic plasticity in bean is useful in adapting the crop to drought conditions. In 
addition, tapery bean is grown widely in the dry-land area of the Sekhukhune district in 
Limpopo (Mariga pers. comm., 2011) and the semi-arid areas in eastern Kenya (Shisanya, 
2002) indicating its adaptation to drought prone areas. 
3.2.2 Agronomic performance of the legumes 
In a study designed to evaluate a typical drought tolerant legume, pigeonpea, for two 
seasons for both adaptation and yield potential at the ecotope under rainfed conditions, 60% 
of the twenty genotypes flowered early and matured within the cropping season indicating 
their adaptation to the area (Mogashoa and Gwata 2009). At least five of the cultivars 
obtained grain yields >1.5 t/ha over the two year period. The highest mean yield (1.9 t/ha) 
was four-fold higher than that attained by the check cultivar. In another study conducted 
under similar rain-fed conditions in a semi-arid environment in Malawi, pigeonpea attained 
considerably high yields (Gwata and Siambi, 2009). The authors reported a high grain yield 
(3.0 t/ha) for the genotype ICEAP 01480/32 (Table 8).This indicated the potential of the crop 
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under the semi-arid conditions and a viable option for legume farmers in the semi-arid agro-
ecological zones. Since biological nitrogen fixation is adversely affected by heat and 
depleted soil moisture conditions (Zahran 1999; Serraj et al., 1999), the relatively high grain 
yield observed for the grain legumes indicated that their nitrogen fixation mechanisms were 
not suppressed under the prevailing agro-ecological conditions. Therefore, these legumes 
were adapted to the agro-ecological conditions at the ecotope and similar environments in 
the region. However, the subsistence small-holder farmers in the area tend to prefer 
planting corn prior to any other crop at the beginning of the cropping season in spite of the 
high risks paused by either mid-season or end-of-season moisture stress every year (Fig. 3). 
The sustainable production of corn, by small-holder growers is constrained by highly 
unpredictable rainfall, high temperatures and low soil fertility among other factors. In our 
view, small grain cereals are more appropriate than corn for the predominantly arid 
conditions at the ecotope and similar agro-ecological areas in the region.  
 
 
Fig. 3. Contrast in sensitivity to mid-season moisture stress between corn (in the foreground) 
and pigeonpea (in the background).  
 
 Cultivar Grain Yield (t/ha) 
(i) ICEAP 01144/3 2.7 a 
(ii) ICEAP 01160/15 2.4 a 
(iii) ICEAP 01480/32 3.0 a 
(iv) ICEAP 01162/21 2.6 a 
(v) ICEAP 01167/11 2.2 a 
(vi) ICEAP 01514/15 2.9 a 
(vii) *Royes 1.0 b 
(viii) **Mutawa Juni 1.1 b 
Table 8. Grain yield of pigeonpea germplasm evaluated under rain-fed conditions in 
Malawi. (Source: Adapted from Gwata and Siambi, 2009). 
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3.2.2 Agronomic performance of the legumes 
In a study designed to evaluate a typical drought tolerant legume, pigeonpea, for two 
seasons for both adaptation and yield potential at the ecotope under rainfed conditions, 60% 
of the twenty genotypes flowered early and matured within the cropping season indicating 
their adaptation to the area (Mogashoa and Gwata 2009). At least five of the cultivars 
obtained grain yields >1.5 t/ha over the two year period. The highest mean yield (1.9 t/ha) 
was four-fold higher than that attained by the check cultivar. In another study conducted 
under similar rain-fed conditions in a semi-arid environment in Malawi, pigeonpea attained 
considerably high yields (Gwata and Siambi, 2009). The authors reported a high grain yield 
(3.0 t/ha) for the genotype ICEAP 01480/32 (Table 8).This indicated the potential of the crop 
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under the semi-arid conditions and a viable option for legume farmers in the semi-arid agro-
ecological zones. Since biological nitrogen fixation is adversely affected by heat and 
depleted soil moisture conditions (Zahran 1999; Serraj et al., 1999), the relatively high grain 
yield observed for the grain legumes indicated that their nitrogen fixation mechanisms were 
not suppressed under the prevailing agro-ecological conditions. Therefore, these legumes 
were adapted to the agro-ecological conditions at the ecotope and similar environments in 
the region. However, the subsistence small-holder farmers in the area tend to prefer 
planting corn prior to any other crop at the beginning of the cropping season in spite of the 
high risks paused by either mid-season or end-of-season moisture stress every year (Fig. 3). 
The sustainable production of corn, by small-holder growers is constrained by highly 
unpredictable rainfall, high temperatures and low soil fertility among other factors. In our 
view, small grain cereals are more appropriate than corn for the predominantly arid 
conditions at the ecotope and similar agro-ecological areas in the region.  
 
 
Fig. 3. Contrast in sensitivity to mid-season moisture stress between corn (in the foreground) 
and pigeonpea (in the background).  
 
 Cultivar Grain Yield (t/ha) 
(i) ICEAP 01144/3 2.7 a 
(ii) ICEAP 01160/15 2.4 a 
(iii) ICEAP 01480/32 3.0 a 
(iv) ICEAP 01162/21 2.6 a 
(v) ICEAP 01167/11 2.2 a 
(vi) ICEAP 01514/15 2.9 a 
(vii) *Royes 1.0 b 
(viii) **Mutawa Juni 1.1 b 
Table 8. Grain yield of pigeonpea germplasm evaluated under rain-fed conditions in 
Malawi. (Source: Adapted from Gwata and Siambi, 2009). 
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Means in the column followed by the same letter are not significantly different at the 0.05 
probability level by Tukey's test. *Commercial cultivar in Malawi; **Unimproved traditional 
landrace popular in Malawi. 
3.3 Drought tolerant small-grain cereals 
In many parts of Africa, small grain cereals such as sorghum (Sorghum bicolor), pearl millet 
(Pennisetum glaucum) and finger millet (Eleusine coracana) are useful for both human 
consumption and animal feed. For instance, sorghum is regarded as the major source of 
food in many countries in sub-Saharan Africa such as Chad, Sudan and Tanzania 
(Bucheyeki et al., 2010). In parts of southern Africa, sorghum grain is used for brewing 
commercial alcoholic and non-alcoholic beverages (Mushonga et al 1993). The stover is used 
for fodder, fencing, thatching as well as fuel purposes (Rai et al., 1999). Similarly, pearl 
millet is used for food and feed (Rai et al., 1999). On the other hand, finger millet is used 
widely for human consumption throughout southern Africa (Mushonga et al., 1993; 
Mnyenyembe, 1993). In contrast to the other cereals, finger millet is rich in the protein 
fraction eleusinin and considerable amounts of cystine, methionine and tryptophan. It also 
contains a range of minerals such as calcium, copper and manganese. Partly because of its 
slow digestion, it is preferred by some end-users. The crop residue also provides readily 
digestible nutrients in livestock feeds. 
3.3.1 Mechanisms of drought tolerance in the small grain cereals 
These small grain cereals cope with moisture deficit in a variety of ways. For instance, 
pearl millet can withstand periods of moisture stress and still produce biomass and grain 
because of its high water use efficiency as opposed to increased water uptake efficiency by 
a deep root system (Zegada-Lizarazu and Lijima 2005). Similarly, the adaptive features of 
sorghum enable the crop to grow well in agro-ecological conditions where other staple 
cereals such as corn would not be suitable (Haussmann et al., 2000). These features 
include a highly branched rooting system, considerable amounts of silica in the root 
endodermis, ability to form tillers and capability of rolling the leaves to reduce water loss. 
In finger millet, drought tolerance was attributed to the ability to synthesize stress 
proteins (Umar et al., 1995).  
3.3.2 Agronomic performance of the small-grain cereals 
The performance of the small-grain cereals at the ecotope have not yet been investigated 
adequately. However, studies conducted elsewhere in marginal tropical zones in southern 
Africa reported moderately high grain yield potentials. For instance, in Zambia, finger millet 
attained 3.0 t/ha (Agrawal et al., 1993; Mnyenyembe 1993). In comparison, sorghum 
attained similar high yields in the African sub-continent (Table 9). According to Gari (2001), 
these small grain cereals, particularly pearl millet, have superior adaptation to drought and 
poor soils, providing a reliable harvest under such conditions, with minimal inputs. 
Moreover, rotating these cereals with the legumes enhances their productivity since they 
benefit from biological nitrogen fixation by the legumes (Batiano and Ntare 2000). 
Alternatively, the cereals can be intercropped with the legumes especially cowpea and 
pigeonpea. The benefits of cereal x legume intercrops in sub-Saharan Africa have been 
documented widely (Stoop and Staveren 1981; Ntare 1989; Klaij and Ntare 1995; Batiano and 
Ntare 2000). 
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2.8 Chad (north/west Africa) Yapi et al.,1998 
3.0 Mali (north Africa) Shetty et al.,1991 
1.8 South Africa (southern Africa) Olembo et al., 2010 
3.5 Tanzania (east Africa) Bucheyeki et al.,1991 
 
Pearl Millet 
2.6 Mali (north Africa) Wilson et al., 2008 
2.0 Mali (north Africa) Shetty et al., 1991 
2.7 Zambia (southern Africa) Wilson et al., 2008 
Table 9. Potential yield of three small grain-cereals observed in various African countries.  
3.4 Use of short-duration crops 
Another sustainable option for the farmers in the region represented by the ecotope is to 
utilize short-duration (or short-season) crop technologies. The types are able to flower and 
mature before the on-set of mid-season moisture stress, thus escaping drought. Among 
tropical legumes, short-duration cultivars have been developed for cowpea (Gwathmey and 
Hall 1992; Hall and Patel 1992; Mligo and Singh 2006) and pigeonpea (Gwata and Siambi 
2009; Silim and Omanga 2001). Short-duration cowpeas that can attain 2.0 t/ha within 60 to 
70 d after planting have been reported (Ehlers and Hall 1997). In chickpea, extra-short 
duration genotypes were reported for the semi-arid tropics (Kumar et al., 2001). These 
genotypes require < 100 d from sowing to maturity and would be ideal for the limited 
moisture conditions during the post-rainy season at the ecotope.  
3.5 Use of field water conservation and harvesting techniques 
In-field water harvesting (IRWH) technique described by various researchers (Hensley et al., 
2000; Li et al., 2000; Mzezewa et al., 2011) promotes rainfall runoff on a 2.0 m wide no-till 
strip between crop rows and collects the runoff water in basins where it infiltrates into the 
soil profile. The in-field runoff captured in the water basins, can result in increased crop 
yields. In 2003, Botha et al., demonstrated that the soil moisture captured in this way was 
responsible for increased crop yields on smallholder farms in Thaba Nchu, South Africa. In 
a similar study utilizing this water harvesting technique, both corn and sunflower attained 
up to 50% higher yields compared to conventional production systems on duplex soils in the 
Free State province in South Africa (Hensley et al., 2000). There has been increasing interest 
recently in South Africa of making crop production less risky and sustainable in semi-arid 
ecotopes through in-field rainwater water harvesting (Botha et al., 2003). In a study 
conducted at the ecotope, Mzezewa et al., (2011), observed that IRWH resulted in 
significantly higher water use, water use efficiency and precipitation use efficiency for both 
sunflower and cowpea in comparison with the conventional tillage system. However, 
despite the increase in crop yields, considerable losses of moisture through evaporation 
were observed. Li et al., (2000) successfully used gravel-mulched furrows to reduce 
evaporation and increase the grain yield of corn. Alternatively, living soil cover (that is 
using live or green mulches) between crop plants was proposed as a sustainable option for 
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probability level by Tukey's test. *Commercial cultivar in Malawi; **Unimproved traditional 
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minimizing water loss from the soil surface. According to Aladesanwa and Adigun (2008), 
the living mulches can be integrated in an intercrop in order to derive some of the benefits 
associated with intercropping such as increased yield under conditions of moisture stress, 
weed suppression, reducing the risks of drought and pests as well as achieving adequate 
crop diversity. Nonetheless, the economic potential of adapting mulches depends on an 
array of factors such as the cost of the complementary changes (for example availability of 
mulch adapted field equipment) as well as land availability. 
4. Concluding remarks  
The statistical analysis of rainfall data at the ecotope revealed that the rainfall is low and 
highly unreliable, thus constraining crop production. Soil moisture which is available for 
crop growth only for limited periods at the location can be lost by evaporation. Sustainable 
production of cereals and legumes at the ecotope and similar agro-ecological environments 
hinges on adopting drought tolerant or short-duration cultivars as well as water 
conservation practices such as in-field rainwater harvesting. Information from the 
combination of climatic analysis and crop cultivar performance needs to be considered in 
selecting appropriate planting dates.  
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1. Introduction 
Drought is one of the inherent abiotic constraints that affect agricultural productivity 
worldwide. It is estimated that drought stress can potentially reduce nearly 20% of crop 
yield around the World (Bouman et al., 2005; Scheiermeier, 2008). Global climatic changes 
such as dry spell, heat waves and uneven precipitation patterns limit water availability for 
farming (Bates et al., 2008). However, water is needed at every phase of plant growth from 
seed germination to plant maturation (Athar & Ashraf, 2005; Chaves et al., 2003) and any 
degree of imbalance in the uptake would pose a serious threat to agriculture by adversely 
affecting the growth and grain yield (Wang et al., 2001). Further, water deficit stress could 
occur at any time of growing seasons; however severity of stress effect on productivity 
depends on distribution of rainfall. 
Rice is the staple food for almost half of the world population. Rice farming is considered 
as one of the world's most sustainable and productive cropping system, as it is adapted to 
wide range of environment ranging from tropical low lands to mountains and from deep 
water swamp to uplands. In general, rice crop is semi aquatic and can thrive well in 
waterlogged soil and hence its production system relies on ample water supply. Based on 
the availability of water, rice can be grown in different ecological conditions such as low 
land rainfed, low land irrigated, deep water and upland. In global scenario, irrigated rice 
is considered as productive farming system and has accounted for 55% of total harvested 
area with a contribution of 75% of total productivity. Further, annual productivity of 
irrigated rice is estimated to be 5% more than that of rainfed rice (Fairhurt & Dobermann, 
2002). Meanwhile, resource for irrigation has declined gradually over the past decades 
due to rapid urbanization and industrialization which exacerbates the problem of water 
scarcity (Gleick et al., 2002). Current rice production systems rely on ample supply of 
water and it is estimated that on average rice require 1900 liters of water to produce 1kg 
of grain. Even a short period of water deficit is highly sensitive to rice farming and rice 
productivity (O’Toole, 2004). Different developmental stages of rice such as tillering 
phase, panicle initiation and heading known to respond differently to drought stress 
(Botwright Acuna et al., 2008; Kamoshita et al., 2004), however, factors such as timing, 
intensity and duration of stress have detrimental effect on plant growth. Liu et al., (2006) 
reported that reproductive stage, especially during flowering, is more vulnerable to stress 
and cause spikelet sterility.  
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Rice-cropping system is considered as economic backbone of many Asians as 90% of the 
World total rice is grown and consumed in Asia. A small decrease in availability of water 
would drastically affect grain yield and imperil food security.  Increasing crop tolerance to 
water scarcity would be the most economic approach to improve the productivity and to 
minimize agricultural use of fresh water resource. To fulfill this objective, a deeper 
understanding of the possible mechanisms under water stress environment is a must. 
Recent studies have shown that plants have evolved various morphological, physiological, 
biochemical and molecular mechanisms to cope up with adverse climatic effect.  
Conventional breeding strategies utilized those mechanisms to certain extent and achieved a 
linear improvement in yield by exploiting genetic variation of phenotypic traits in the 
germplasm (Atlin et al., 2006; Lafitte et al., 2006; Serraj, 2005). However, development of 
tolerant varieties to water deficit condition has been slow due to lack of understanding on 
the mechanism of drought tolerance. Several efforts have been made to improve crop 
productivity under water limiting environment. Munns (1993) suggested that physiological 
based approach could furnish a new insight to breeding programme by offering reliable key 
indicators for screening drought tolerant genotypes to improve crop yield over a range of 
environment. Nevertheless, very little information is available on magnitude of genetic 
variation associated with physiology of tolerance. Furthermore, plants evolve a wide 
spectrum of adaptive mechanisms from whole plant to molecular level which varies within 
species and cultivars to overcome drought stress (Bartels & Sunkar, 2005; Jones, 2004; 
Rampino et al., 2006; Yamaguchi Shinozaki and Shinozaki, 2005). To exploit genetic basis of 
physiological variations effectively, investigations on molecular basis of stress are 
indispensable. Rapid advancement in molecular techniques helps to elucidate the control 
mechanisms linked to stress perception and responses by dissecting yield and integrative 
traits influenced under stress. Number of drought inducible gene and gene products have 
been identified at transcriptional and translational level and most of the gene products may 
function in stress tolerance at cellular level (Umezawa et al., 2006; Yamaguchi Shinozaki & 
Shinozaki, 2005; Zang et al., 2004). Further, all these investigations have provided important 
clues for functional characterization of stress responsive gene and stress tolerance 
mechanism; thereby widen our knowledge in mitigation of drought stress. The present 
review addresses the recent advances of the adaptive strategies in rice and facilitates the 
development of enhanced tolerance by integrating functional genomics into breeding 
programs. 
2. Physio morphological traits for yield under drought stress 
In rice, a number of physio-morphological putative traits have been suggested to confer 
drought tolerance (Deivanai, et al., 2010). Indeed, root system architecture plays a primary 
constitutive role in acquisition of water and nutrient from the soil and maintains plant water 
status (Nguyen et al., 1997; Lafitte et al., 2001; Kato et al., 2006). Descriptors of root 
architecture such as rooting depth (Pantuwan et al., 1996; Wade et al., 1996), root density, 
root thickness, root distribution pattern (Lilley and Fukai, 1994; Fukai and Cooper, 1994) 
increases plant water uptake and avoid dehydration mechanism. However, water uptake 
efficiency is determined by the function of root length, soil type, root hydraulic conductance 
and transpiration demand (Nobel, 2005). Further, root system architecture is highly dynamic 
and its functions are affected by change in environmental conditions and soil types (Lafitte 
et al., 2001).  Since root characteristics are invisible for direct selection, knowledge on 
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interrelationship between plant type and root architecture would be desirable to facilitate 
yield performance of rice varieties under different water regimes.  
Traditional plant breeding has identified traits such as plant type (plant height, tiller 
number, leaf area, leaf area index), phenology (timing of germination, floral initiation, 
flowering and seed maturity) and canopy temperature for screening of genotypes to 
improve grain yield under stress (Turner, 1982; Cooper et al., 1999; Slafer, 2003; Turner, 
2004; Reynold et al., 2005a). In fact, grain yield is a complex quantitative trait attributed by 
number of panicle/shoot/m2, grains/spikelet/panicle and grain weight / panicle (Sinha 
and Kanna, 1975). Improvement of crop yield could be achieved by selecting the genotypes 
based on the intensity of genetic variation. Several investigations have observed significant 
genetic variation for root number, diameter, depth, branching, root to shoot ratio, water 
extraction and root penetration (Yadav et al., 1997; Lafitte et al., 2001; Price et al., 2002b; 
Pantuwan et al., 2002a & b; Nhan et al., 2006). Meanwhile, high heritability was also noticed 
for root thickness, root dry weight and root length density (Lafitte et al., 2001). Moderate 
heritability for grain yield was reported by Babu et al., 2003; Atlin et al., 2004; Lafitte et al., 
2004b; Yue et al., 2005; Kumar et al., 2007.  Though, several traits were considered for 
improving drought tolerance in rice, only few have contributed significantly towards grain 
yield under drought condition (Lafitte, 2003).  It is because most of the traits that respond to 
stress are constitutive and are not adaptive to stress (Parry et al., 2005; Komoshita et al., 
2008). Further, substantial differences in root system architecture and grain yield have been 
reported between species, cultivars and land races. Obviously, grain yield is characterized 
by yield potential of the genotypes under target environment and intrinsically linked with 
plant water status (Araus et al., 2003; Rizza et al., 2004; Blum, 2005), a relevant physiological 
measure of interest under drought prone environment.  Plant water status is determined by 
a balance between water uptake through root system and demand by shoot. Since plant 
production is the function of water use (WU), water use efficiency (WUE) and harvest index 
(HI), it is therefore vital to understand its effect during defined developmental stage to 
design effective selection method to improve plant production under dry environment. 
Several direct measurements are recommended to assess plant water status and its 
physiological consequences, some widely used measures are mentioned in this review 
2.1 Water use efficiency (WUE) 
WUE provide the means of efficient use of water and serves as a breeding target in water 
saving agriculture. Traditionally defined as the ratio of dry matter produced per unit of 
water transpired, and constitute one of the key determinants in controlling plant 
production. It is also referred as “transpiration efficiency” and estimated from the measures 
of leaf gas exchange or by using carbon isotope discrimination. Mean while, carbon isotope 
discriminant method had contributed much in the study of WUE and provided large 
volume of data in relation to genetic diversity and plant breeding. Studies have shown that 
yield related traits such as biomass accumulation and transpiration rate are highly 
interlinked with stomatal control and leaf area (Cabuslay et al., 2002; Richards, 2000; 
Tardieu & Tuberosa, 2010). For example, when plant experienced mild water stress, it 
increased WUE by regulating stomatal conductivity and lower carbon isotope discriminant 
measures. In most of the drought related studies low measures of carbon isotope 
discrimination found to be associated with high WUE.  Higher WUE in turn lower 
photosynthetic rate due to reduced rate of transpiration and consequently slower the rate of 
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plant growth (Codon et al., 2004).  It is obvious that increased WUE has resulted in smaller 
or short duration plants with reduced transpiration, biomass production and yield potential 
due to reduced water use. Blum (2005) pointed out that high WUE is largely a function of 
reduced WU and suggested that it can be used as a yardstick to measure irrigation efficiency 
in agriculture.  Further, he proposed direct selection of plant type with moderate growth, 
short duration and reduce leaf area would promote WUE.  Currently, agricultural sectors 
are slowly progressing due to use of genotypes with increased WUE and improved 
agronomic practices (Pereira et al., 2006; Richards et al., 2002).  
2.2 Leaf water potential (LWP) 
Leaf water potential (LWP), a measure of whole plant water status and has long been 
recognized as an indicator for dehydration avoidance (Pantuwan et al., 2002). When water 
deficit in leaf goes beyond a threshold level, stomata closes as a response to lower the rate of 
transpiration. According to Hsiao and Bradford (1982), stomata functions as safety valve to 
regulate water loss when tissue water status becomes too low, whereby minimize the 
severity of water deficiency in plants. Thus higher LWP is maintained by stomatal closure 
and varietal differences in stomatal response to water status have been reported by Jongdee 
et al., (1998), O’Toole & Cruz (1980) and Turner (1974), it is mainly due to differential 
capacity of hydraulic conductance among the genotypes.  Further, genotype with deeper 
and thicker roots shown to extract more soil moisture effectively and maintains higher plant 
water status (Yoshida & Hasegawa, 1982). In a study, Sibounheuang et al., (2001) observed 
consistence in the performance of LWP and suggested a mighty relation between shoot 
water potential and internal plant water conductivity. Mean while, Kumar et al., (2004) 
reported a positive association between grain yield and relative water content with LWP. 
Stomatal closure found to increase leaf temperature and measure of canopy temperature 
serves as an indirect measure of plant water status. Boonjung and Fukai (1996) as well as 
Pantuwan (2000) observed taller genotypes tend to have larger canopy than the shorter 
genotypes and they found smaller canopies had lower demand for water and were able to 
maintain higher LWP. The two parameters namely leaf rolling and leaf death are considered 
as determinant for estimating LWP. Earlier studies have reported higher estimates of visual 
scores and heritability for those two determinants while screening cultivars for drought 
tolerance. 
2.3 Osmoregulation 
Osmoregulation is receiving increasing recognition as an effective physiological mechanism 
of drought tolerance. Drought stress known to alter internal plant water status and lower 
water potential of cell environment (Babu et al., 1999). As a consequence, solutes are actively 
accumulated at high concentration within cells in order to maintain water potential (Blum, 
1998; Kramer & Boyer, 1995). Such solutes are referred as osmolytes which include amino 
acids, sugars, polyols, quaternary ammonium and sulfoium compounds (Rontein et al., 
2002). According to Blum (1998) the process of accumulation of solutes during the 
development of water shortage and enabling the plant to maintain hydrated state is termed 
as osmotic adjustment (OA), while buffering mechanism against dehydrated condition by 
addition or removal of solutes from cytoplasm is osmoregulation.   
Generally, OA restores turgor pressure of both root and shoot, thereby permit stomatal 
conductivity to continue and help to sustain plant growth at time of transpirational demand 
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(Blum, 1996, 2005; Serraj & Sinclair, 2002; Stoop et al., 1996). Further, Blum (1996) found that 
these compounds stabilize macromolecular structures and membrane proteins. 
Nevertheless, the role of osmolytes are diverse and investigations on osmoprotectants have 
revealed that proline regulates cellular redox during stress (Kuznetsov & Shevyakova, 1999) 
while, manitol protects oxidation sensitive cellular structure by scavenging reactive oxygen 
species (Huang et al., 2000) whereas, trehalose and fructan function as membrane stability 
(Nakayama et al., 2000), aquaporin, a major intrinsic protein super family facilitate control 
of water permeability through membrane (Luu & Maurel, 2005). 
A genetic variation of 0.3 – 0.5 MPa has been reported for OA in rice (Turner et al., 1986). 
Though OA enable to maintain water absorption and cellular turgor pressure, a number of 
contrasting reports have been published. For instance, Munns (1988) pointed that OA may 
not show positive effect on plant growth and grain yield. It was also argued that OA occurs 
in root facilitates elongation of root growth at the onset of soil drying and in turn assist the 
root to penetrate deeper in search of resources thereby enable the plant to extract more soil 
water. Serraj & Sinclair (2002) found that plants with higher root penetration capacity is 
capable of sustaining plant growth and they suggested investigation on OA with focus on 
roots and root tips would elucidate the role of OA in practical breeding.  
2.4 Stay green  
Retention of greenness in leaves helps the plants to live longer and increase crop 
productivity; hence this trait is considered as one of the key determinants for developing 
drought resistance in rice (Fukai & Cooper, 1995). Genotype possessing stay green trait  
maintain high photosynthetic activity often protects the plants from premature senescence 
(Campos et al., 2004) during the onset of stress. It is reported that stay green plants 
assimilate more nitrogen and retain high level of nitrogen content in the leaf, thereby retains 
photosynthetic capacity under water limited conditions (Borrell et al., 2001). Further it 
enhances the transpiration efficiency and enable the plants to use more water to ensure 
continuous availability of new assimilate thereby increase the grain filling and size.  Studies 
have also shown that stay-green is positively associated with grain yield 
3. Functional genomic approach  
In the past decades, integration of physiological and biochemical studies on abiotic stresses 
have contributed extensively in identifying tolerance traits responsive to stresses (Richard, 
2000). Conventional breeding techniques attempted to utilize genetic variations of those 
traits from varietal germplasm; however the success is limited by: i) complexity of stress 
responses, ii) low genetic variation of yield component under stress condition and iii) lack of 
suitable selection technique (Ashraf, 2010; Cushman & Bohnert, 2000). Recently engineering 
of drought tolerance in plants is being pursued as viable option as it seems to be more 
attractive and rapid approach for breeding drought tolerance. Since transfer of functional 
genes that are directly involved in drought mechanism by genetic engineering is complex, 
the success of present engineering strategies rely on understanding of key gene network and 
regulatory control of biological processes associated with drought stress (Seki, et al., 2003; 
Shinozaki et al., 2003). Further, the advent of high throughput genomic platforms has 
facilitated increasing number of tools and resources for elucidation of abiotic stress 
responses in plants. Furthermore, large scale genome sequencing projects has generated a 
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plant growth (Codon et al., 2004).  It is obvious that increased WUE has resulted in smaller 
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scores and heritability for those two determinants while screening cultivars for drought 
tolerance. 
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(Blum, 1996, 2005; Serraj & Sinclair, 2002; Stoop et al., 1996). Further, Blum (1996) found that 
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capable of sustaining plant growth and they suggested investigation on OA with focus on 
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Retention of greenness in leaves helps the plants to live longer and increase crop 
productivity; hence this trait is considered as one of the key determinants for developing 
drought resistance in rice (Fukai & Cooper, 1995). Genotype possessing stay green trait  
maintain high photosynthetic activity often protects the plants from premature senescence 
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assimilate more nitrogen and retain high level of nitrogen content in the leaf, thereby retains 
photosynthetic capacity under water limited conditions (Borrell et al., 2001). Further it 
enhances the transpiration efficiency and enable the plants to use more water to ensure 
continuous availability of new assimilate thereby increase the grain filling and size.  Studies 
have also shown that stay-green is positively associated with grain yield 
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2000). Conventional breeding techniques attempted to utilize genetic variations of those 
traits from varietal germplasm; however the success is limited by: i) complexity of stress 
responses, ii) low genetic variation of yield component under stress condition and iii) lack of 
suitable selection technique (Ashraf, 2010; Cushman & Bohnert, 2000). Recently engineering 
of drought tolerance in plants is being pursued as viable option as it seems to be more 
attractive and rapid approach for breeding drought tolerance. Since transfer of functional 
genes that are directly involved in drought mechanism by genetic engineering is complex, 
the success of present engineering strategies rely on understanding of key gene network and 
regulatory control of biological processes associated with drought stress (Seki, et al., 2003; 
Shinozaki et al., 2003). Further, the advent of high throughput genomic platforms has 
facilitated increasing number of tools and resources for elucidation of abiotic stress 
responses in plants. Furthermore, large scale genome sequencing projects has generated a 
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number of sequence information from DNA microarrays, serial analysis of gene expression 
(SAGE), cDNA fragment sizing combined with amplified fragment length polymorphism 
(cDNA – AFLP), differential screening of cDNA libraries, expressed sequence tag (EST) 
sequencing, massive parallel signature sequencing (MPSS) etc., provides important clues for 
gene expression, functional characterization and identification of stress responsive genes 
(Bohnert et al., 2006, Parray et al., 2005; Umezawa et al., 2006). 
More recently several stress inducible novel putative genes have been identified from wide 
range of tissue specific for genetic engineering. Meanwhile, sequencing project also enabled 
the development of molecular markers such as RFLPs, RAPDs, CAPS, PCR indels, AFLP, 
microsatellite such as SSR and SNP that are closely linked to target loci and facilitated 
mapping of quantitative traits loci (QTLs) for agronomically important attributes under 
drought stress (Lafitte et al., 2004; Talame et al., 2004). Subsequently those markers were 
used for marker assisted selection (MAS), a powerful tool for indirect selection of complex 
traits at early stage. However the efficiency of MAS depends on the distance between 
observed QTL and marker loci and also the magnitude of additive variance explained by 
QTL (Blumwald, et al., 2004). Thus the key role of functional genomics is to deduce the 
biological function of gene and gene products through genomic approaches like genetic 
mapping, transcriptional profiling and proteomics.  
3.1 Quantitative trait loci (QTL) to dissect drought stress related traits 
Progress in genomic sequencing of rice has facilitated a range of approaches to identify 
molecular markers (Nguyen et al., 1997), which examines the inheritance pattern of QTL in 
response to drought stress. Further these markers explore chromosome regions controlling 
genetic variations of physiological traits and play a central role in construction of linkage 
map using QTL analysis. QTL mapping approach has successfully identified a number of 
genetic regions that are expected to be associated with drought response, such as plant 
height and flowering time (Ishimaru et al., 2004; Li et al., 2003), root architecture (Courtois et 
al., 2003; Kamoshita et al., 2002; Price et al., 2002c; Tuberosa et al., 2003; Venuprasad et al., 
2002; Zheng et al., 2003), root penetration (Johnson et al., 2000; Nguyen et al., 2004; Zheng et 
al., 2000), stay green phenotype (Jiang et al., 2004). OA, RWC and leaf rolling (Robin et al., 
2003; Zhang et al., 2001), LWP (Yan Ying et al., 2008), leaf drying (Lafitte et al., 2004), yield 
and yield component under drought stress (Babu et al., 2003; Bernier et al., 2008; Campos et 
al., 2004; Kamoshita et al., 2008; Kumar et al., 2007; Lafitte et al., 2004; Lanceras et al., 2004). 
Most of the mapping populations were derived from cross between upland japonica and 
low land indica cultivars (Courtois et al., 2003) under varying water regimes, further these 
studies identified the location of drought tolerant traits as well yield and yield components 
under stress on chromosomal regions. For example, Babu et al., (2003) documented the 
location of drought tolerant QTLs in rice in the regions of chromosome 1 (plant water 
status), chromosome 3 (biomass yield under stress), chromosome 4 (root morphological 
traits) and chromosome 9 (RWC and delayed flowering due to stress). Whereas another 
group (Lanceras et al., 2004) mapped physio-morphological traits and confirmed the region 
of QTL traits in chromosome 3 (Grain yield, biomass and delayed flowering), chromosome 4 
(grain yield) and chromosome 8 (biomass yield and spikelet sterility). In both the studies, 
the traits such as biomass, yield and yield components were found to be common and 
located at the same intervals on chromosome 3, 4 and 9.In another study, Bernier et al., 
(2007) while evaluating F3 progenies derived from a cross between two upland rice cultivars 
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under field trials for two years, identified a stable QTL for drought tolerance on 
chromosome 12 linked to grain yield, biomass production, harvest index, plant height and 
early flowering.  Wealth of information thus generated on QTL over last two decades helps 
to develop strategies for marker assisted selection (MAS) to screen drought tolerant strains 
at early stage of growth. Several studies have been conducted under both well watered and 
drought stressed conditions and a significant progress has been made during last few years 
in marker assisted selection (Jearakongman, 2005; Price et al., 2002c; Shen et al., 2001; Yue et 
al., 2005; Steel et al., 2006). One of the classic achievement of MAS is  the release of first ever 
highly drought tolerant Indian rice variety “Birsa Vikas Dhan III (PY,84)”, characterized by 
early maturity, good quality high grain yield (Steele, 2009). Though several putative loci for 
drought stress tolerance have been identified, the contribution of MAS to development of 
drought stress tolerant cultivars has been marginal. The effectiveness of MAS is challenged 
by  number of factors such as: i) accuracy and preciseness of phenotyping of traits, ii) very 
large genetic x environment interaction component wherein the QTL established in one 
environment often disappear in another and iii) poorly defined genetic architecture of 
polygene controlling yield (Ashraf, 2010; Cattivelli et al., 2008). 
The efficiency of MAS could be improved through map based cloning (MBC), where specific 
QTL is introgressed into sensitive cultivars through pyramiding, a process of combining 
several genes together into single genotype (Steele et al., 2006). To date most plant QTLs 
have been cloned by positional cloning approach using functional markers with a goal to 
identify candidate gene responsible for drought stress and to manipulate the target trait 
more directly. Most of the comprehensive physical map reported from the earlier studies 
covers a region of 35-64 cM resolution which may contain several hundred to few thousand 
genes, need to be fine mapped. High density genetic map using single nucleotide 
polymorphism (SNP) and other marker may precisely detect QTL genes associated with 
drought tolerance. Further, fine mapping of specific QTL regions could be achieved by 
developing near isogenic lines (Nguyen et al., 2004). However, identification and 
characterization of QTL genes involved in regulatory network is still remain challenging. 
3.2 Transcript profiling 
ESTs provide a direct approach for discovering genes in response to stress, with the advent 
of high throughput trancriptome studies, several ESTs have been generated from different 
cDNA libraries (viz., full length, normalized and subtracted) which offered a foundation in 
deciphering the role of regulatory network in stressed tissues derived at various 
developmental stages (Goff, 1999). Numerous putative genes respond to dehydration stress 
have been categorized by EST based gene expression profiling (Shinozaki et al., 2000; 
Yamaguchi – Shinozaki & Shinozaki, 2006). Some of these genes that are induced during 
stress protects the plant cell directly while the others involved in signaling cascades with 
diverse pathways, suggesting the complexity of the mechanism involved in sensing and 
responding to multifarious stresses (Bartels & Sunkar, 2005; Blumwald et al., 2004; Bray et 
al., 2000). Further, the plasticity of plant response to water limited conditions is governed by 
a number of transcription factors (TFs) which can modulates and regulates various stress 
inducible genes either independently or constitutively. More than 50 different TFs have been 
identified and characterized, are found to be member of large multigene families such as 
bZIP- (Martinez-Garcia et al., 1998), MYB (Jin & Martin, 1999), MYC, AP2/ERF (Riechmann, 
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(grain yield) and chromosome 8 (biomass yield and spikelet sterility). In both the studies, 
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under field trials for two years, identified a stable QTL for drought tolerance on 
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at early stage of growth. Several studies have been conducted under both well watered and 
drought stressed conditions and a significant progress has been made during last few years 
in marker assisted selection (Jearakongman, 2005; Price et al., 2002c; Shen et al., 2001; Yue et 
al., 2005; Steel et al., 2006). One of the classic achievement of MAS is  the release of first ever 
highly drought tolerant Indian rice variety “Birsa Vikas Dhan III (PY,84)”, characterized by 
early maturity, good quality high grain yield (Steele, 2009). Though several putative loci for 
drought stress tolerance have been identified, the contribution of MAS to development of 
drought stress tolerant cultivars has been marginal. The effectiveness of MAS is challenged 
by  number of factors such as: i) accuracy and preciseness of phenotyping of traits, ii) very 
large genetic x environment interaction component wherein the QTL established in one 
environment often disappear in another and iii) poorly defined genetic architecture of 
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The efficiency of MAS could be improved through map based cloning (MBC), where specific 
QTL is introgressed into sensitive cultivars through pyramiding, a process of combining 
several genes together into single genotype (Steele et al., 2006). To date most plant QTLs 
have been cloned by positional cloning approach using functional markers with a goal to 
identify candidate gene responsible for drought stress and to manipulate the target trait 
more directly. Most of the comprehensive physical map reported from the earlier studies 
covers a region of 35-64 cM resolution which may contain several hundred to few thousand 
genes, need to be fine mapped. High density genetic map using single nucleotide 
polymorphism (SNP) and other marker may precisely detect QTL genes associated with 
drought tolerance. Further, fine mapping of specific QTL regions could be achieved by 
developing near isogenic lines (Nguyen et al., 2004). However, identification and 
characterization of QTL genes involved in regulatory network is still remain challenging. 
3.2 Transcript profiling 
ESTs provide a direct approach for discovering genes in response to stress, with the advent 
of high throughput trancriptome studies, several ESTs have been generated from different 
cDNA libraries (viz., full length, normalized and subtracted) which offered a foundation in 
deciphering the role of regulatory network in stressed tissues derived at various 
developmental stages (Goff, 1999). Numerous putative genes respond to dehydration stress 
have been categorized by EST based gene expression profiling (Shinozaki et al., 2000; 
Yamaguchi – Shinozaki & Shinozaki, 2006). Some of these genes that are induced during 
stress protects the plant cell directly while the others involved in signaling cascades with 
diverse pathways, suggesting the complexity of the mechanism involved in sensing and 
responding to multifarious stresses (Bartels & Sunkar, 2005; Blumwald et al., 2004; Bray et 
al., 2000). Further, the plasticity of plant response to water limited conditions is governed by 
a number of transcription factors (TFs) which can modulates and regulates various stress 
inducible genes either independently or constitutively. More than 50 different TFs have been 
identified and characterized, are found to be member of large multigene families such as 
bZIP- (Martinez-Garcia et al., 1998), MYB (Jin & Martin, 1999), MYC, AP2/ERF (Riechmann, 
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& Meyerowitz., 1998) , NAC (Kikuchi et al., 2000) and WRKY (Dong et al.,  2003). Many 
genes that respond to multiple stresses are induced by abscisic acid (ABA); a phytohormone 
which acts as a key signaling intermediate in controlling the expression of stress related 
genes. A detail examination of ABA regulated genes has shown the presence of both ABA 
dependent / independent regulatory systems in ABA biosynthesis (Vinocur & Altmam, 
2005; Yamaguchi-Shinozaki & Shinozaki, 2005). Further, the transcriptional factors such as 
MYC and MYB function as activator in one of the ABA-dependent regulatory system, while 
a cis-acting element known as drought responsive element factor/ C-repeat (DREB/CRT) is 
involved in ABA-independent regulatory system (Shinozaki et al., 2000). Several 
experimental approaches on genomic analysis have reported different TFs that are 
associated with stress responsive gene induction are presented in Table 1. 
 
TF family Gene category Gene name Physiological response Reference 
AP2/ERF DREB1/CBF OstDREB1A Stomatal closure 
Ito et al., 2006;  Oh et al., 
2005; 
Xiao et al., 2009 
NAC SNAC AtSNAC1 Stomatal closure Rabbani et al., 2003 




ZFP252 OsZFP252 Proline and sugar accumulation Xu et al., 2008 
NF-Y 
(A, B, C) NF-YB 
AtNF-YB1 








Zat10/STZ AtZat10 High spikelet fertility and grain yield Xiao et al., 2009 
Table 1. Genome wide transcriptome analysis of drought response in rice 
To date, substantial amount of published works have examined the mechanism of plant 
response to various environmental changes and demonstrated that some transcription 
factors significantly overlaps with the expression of gene that are induced in response to 
different stress (Chen & Murata, 2008; Seki et al., 2001). Further, overexpression of one or 
more transcription factors confirmed the activation of TF regulons that modulate a wide 
range of signaling pathways in achieving tolerance under multiple stress conditions 
(Umezawa et al., 2006). For example, it enables the regulation of key enzymes in the 
biosynthesis of compatible solutes such as proline (Ito et al., 2006; Zhu et al., 1998), 
glycinebetaine (Quan et al., 2004), variety of sugars and sugar alcohol, viz., trehalose (Garg 
et al., 2002), manitol (Abebe et al., 2003), galactinol and raffinose. Transgenic rice plants 
produced by overexpression of transcription factors help to understand and manipulate the 
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responses of plant stress. Considerable progress has been made in developing transgenic 
rice strains that are tolerant to drought stress and the results are summarized in Table 2. 
 
Gene Gene action Phenotype Reference 
Adc Arginine decarboxylase (Polyamine synthesis) Drought resistance 











Stress tolerance Su et al., 2006 
HVA1 
Group 3LEA protein 
(late embryogenesis 
abundant) 
Dehydration avoidance and cell 
membrane stability 













Drought resistance for yield in the 





Reduced oxidative stress under 
osmotic stress 






Increased biomass production 
under drought stress Zhu et al., 1998 
RWC3 Aquaporin (water channel protein) Stress  response 











Drought tolerance Lee et al., 2003 
Table 2. Achievements made in overexpression of candidate genes through transgenic 
approach in rice 
3.3 Proteomics 
In general, abiotic stresses cause considerable dysfunction in proteins, proteomic 
approaches focused on protein changes in response to stresses and explore the functional 
network of protein. A global protein expression profile can be investigated using two 
dimensional polyacrylamide gel electrophoresis (2DE) technique coupled with protein 
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3.3 Proteomics 
In general, abiotic stresses cause considerable dysfunction in proteins, proteomic 
approaches focused on protein changes in response to stresses and explore the functional 
network of protein. A global protein expression profile can be investigated using two 
dimensional polyacrylamide gel electrophoresis (2DE) technique coupled with protein 
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identification by mass spectrometry (MS). This  technique facilitated identification of new 
proteins of interest and elucidated the expression profile, post translational modification, 
interactions and de novo synthesis of proteins (Peck, 2005). Salekdeh et al., (2002) 
investigated the drought responsiveness using lowland indica (IR62266) and upland 
japonica (CT9993). They quantify nearly 1000 rice leaf proteins out of which 42 responded to 
stress. Similar such studies have identified several proteins based on its function and 
classified them into two groups. One group of proteins such as heat shock proteins (HSPs), 
late embryogenesis abundant protein (LEA), Dehydrin proteins, RuBisCo and reactive 
oxygen species (ROS) play a direct role in protecting the plant cells against stress by 
involving in osmotic adjustment, chaperon like activity and scavenging of reactive oxygen 
species. The second group of proteins are viz., mitogen activated protein kinase-MAPK and 
calcium-dependent protein kinases-CDPK (Ludwig et al., 2004), salt overlay sensitive-SOS 
kinases (Zhu, 2001), phospholipases (Frank et al., 2000) and transcriptional factors (Choi et 
al., 2000) are actively involved in signaling cascades and transcriptional control. 
Overexpression of signaling factors known to control a broad range of downstream events 
and has resulted in superior tolerance (Umezawa et al., 2006) 
Huge amount of data generated from proteomic studies provided useful information on 
individual enzymes and transporters that are involved in stress responsive network 
including protein modifications, interactions and de novo synthesis. Further the information 
would be helpful in developing biomarker for molecular cloning. However, the application 
of a proteomic approach at the whole cell level is limited by several factors such as protein 
abundance, size, hydrophobicity and other electrophoretic properties (Parker et al., 2006; 
Timperio et al., 2008). Moreover, low abundance proteins including regulatory proteins and 
rare membrane proteins are out of scope of most proteomic techniques, it is due to chemical 
heterogeneity of proteins associated with diverse functions within a cell. The limitation 
could be resolved using comprehensive protein extraction protocol for proteome analysis. 
4. Conclusion and future prospects 
The present review summarizes the achievements of breeding enhanced tolerance towards 
water deficit condition in rice. In early 1980’s large number of studies on drought stress have 
identified some morphological features such as strong root system, short stature plants, 
reduced leaf area and limited tillering ability were capable of maintaining high plant water 
status to enhance drought avoidance. Among those features, the most important is the root 
system as it ensures extraction of soil water from greater depth in upland regions and 
maintains high LWP during stress. While, in rainfed lowland regions, soil forms hard 
encrustation and inhibit root penetration when the available soil moisture is exhausted. The 
genotypes with dense and thick roots were suggested to improve selection efficiency. 
Further, physiological studies in the past have provided knowledge on complex network of 
drought stress related traits and suggested relevant drought related determinants such as 
WUE, osmotic potential, utilization of stem reserve, dry matter production, etc., that could 
be used to achieve high potential (Blum, 2005). 
Conventional breeding program effectively utilized those traits and achieved drought 
tolerance by generating reasonable number of cultivars. However, the program is limited by 
lack of appropriate screening technique. It is because drought stress can occur at any time of 
the developmental stage; starting from sowing to grain maturity. Generally it is widely 
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accepted that stress at reproductive phase is critical and deserves attention. However, 
genotypic response that contributes to drought stress avoidance/ tolerance is largely 
depends on the genetic mechanism of tolerance in the target environment (Fukai and 
cooper, 1995).  
With the advancement in biotechnological tool, the genetic basis of drought tolerance has 
received considerable attention. Gene governing quantitative traits were identified using a 
variety of molecular markers and their loci controlling drought tolerance were mapped on 
the chromosomal regions. Mapping of QTL has resulted in greater understanding of genetic 
phenomenon of drought tolerance traits. Despite the significant progress in cereal genomics, 
the QTL approach has not widely practiced in marker assisted breeding and still remains a 
major challenge. The efficiency of MAS is   hampered by the complexity of gene governing 
grain yield, epistatic interactions and epigenetic variation among QTLs. However, Tuberosa 
and Salvi (2006) opinioned that conscious selection of mapping population and careful 
introgression of specific alleles from genotype to other, through pyramiding could bring 
success to MAS. 
In the last decade, transgenic and functional genomic approaches offered a reliable promise 
in identifying stress responsive genes, pathways and deciphering the mechanism of stress 
tolerance. Further it enabled to solve several essential key questions associated with stress 
tolerance through gene expression profiling and engineering of tolerant traits. A large 
number of functionally characterized genes, transcriptional factors and promoters were 
introduced by such methods to enhance tolerance against abiotic stresses. Although several 
reports have highlighted the significance of this approach (Cattivelli, et al., 2008; Kamoshita 
et al., 2008; Umezawa et al., 2006; Vij and Tyagi, 2007; Yang et al., 2010), introgression of 
genomic portion often associated with undesirable agronomic traits and only very few field 
screening and genetic transformations have resulted in improved grain yield under drought 
condition. It is likely due to the fact that interaction between number of edaphic and climatic 
factors poses difficulty in screening of stress tolerance (Ashraf et al., 2008). Further it is 
anticipated that transcriptional regulation as well as post transcriptional gene plays a major 
role in determining the tolerance against various stress. Therefore while using functional 
genomics, it is important to consider the phenomenon of regulatory network including 
siRNA and miRNA to fine tune the expression of genes associated with stress responses 
(Yang et al., 2010). Indeed, the post genomic era has offered a great potential to increase the 
efficiency of breeding by determining the phenotype more precisely. Further, the challenge 
in stabilizing high yield under drought condition could be achieved in near future by 
integrating plant breeding with multidisciplinary approach based on plant physiology, 
functional genomics and by adapting comprehensive screening technique. 
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1. Introduction 
In Ghana lowlands mostly comprising floodplains and inland valleys occur throughout the 
whole country. These lowlands have been characterized to be heterogeneous in 
morphology, soil type, vegetation and hydrology. Lowland soils therefore occur across all 
the agro-ecological zones of the country. These agro-ecological zones include the drier 
Savannahs (Sudan, Guinea and Coastal) which cover the northern and coastal parts and the 
Forest which covers the western, central and eastern corridors of the country. According to 
estimates, the country has over one million hectors of lowlands (Wakatsuki et al, 2004a, b) 
which can be developed for effective and sustainable rice cultivation, beside the pockets of 
areas used for dry season vegetable production.  
In the Savannah agro-ecological zones rice cultivation is common due to the presence of 
abundant poorly drained lowlands. These soils are deep sandy loams to clay loams and 
abundant water resources from the major rivers, comprising the Volta, Oti, Nasia, Daka, 
Kulda and their numerous tributaries that could be tapped for irrigation. The soils are 
developed over shale / mudstone, sandstone, granites and phyllites (Adu, 1995a, 1995b, 
1969; Dedzoe et al, 2001a & b). They include Kupela (Vertisol) and Brenyase (Fluvisol) series 
occurring over granite, Pale series (Gleysol) occurring over Birimian schist, Lapliki, Siare and 
Pani series found on floodplains of major rivers and Lima and Volta series developed over 
shale and mudstone. The most commonly used soils for rain-fed rice production in the 
Savannah agro-ecological zone include the inland valley soils occurring within the shale / 
mudstone areas of the Voltaian Basin. Under irrigation, soils found on the old levees of the 
Volta and Nasia rivers, Lapliki series, are highly suitable. 
The Savannah agro-ecological zones experience the lowest rainfall (< 1000mm) amounts for 
the year. There is only one growing season, commonly referred too as the rainy season. The 
rainy season starts when the rains commence from May/June and ends in 
September/October. A long dry period is experienced from November to April. 
Temperatures are normally high and quite uniform throughout the year. Average monthly 
temperatures range from 25o to 35o C. 
The Forest agro-ecological zones on the other hand, experience relatively higher rainfall 
amounts (> 15000mm per annum) with a bimodal pattern. The major season rains occur 
between March and mid-July with a peak in May/June. There is a short dry spell from mid-
July to mid-August. The minor rainy season starts from mid-August to about the end of 
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1. Introduction 
In Ghana lowlands mostly comprising floodplains and inland valleys occur throughout the 
whole country. These lowlands have been characterized to be heterogeneous in 
morphology, soil type, vegetation and hydrology. Lowland soils therefore occur across all 
the agro-ecological zones of the country. These agro-ecological zones include the drier 
Savannahs (Sudan, Guinea and Coastal) which cover the northern and coastal parts and the 
Forest which covers the western, central and eastern corridors of the country. According to 
estimates, the country has over one million hectors of lowlands (Wakatsuki et al, 2004a, b) 
which can be developed for effective and sustainable rice cultivation, beside the pockets of 
areas used for dry season vegetable production.  
In the Savannah agro-ecological zones rice cultivation is common due to the presence of 
abundant poorly drained lowlands. These soils are deep sandy loams to clay loams and 
abundant water resources from the major rivers, comprising the Volta, Oti, Nasia, Daka, 
Kulda and their numerous tributaries that could be tapped for irrigation. The soils are 
developed over shale / mudstone, sandstone, granites and phyllites (Adu, 1995a, 1995b, 
1969; Dedzoe et al, 2001a & b). They include Kupela (Vertisol) and Brenyase (Fluvisol) series 
occurring over granite, Pale series (Gleysol) occurring over Birimian schist, Lapliki, Siare and 
Pani series found on floodplains of major rivers and Lima and Volta series developed over 
shale and mudstone. The most commonly used soils for rain-fed rice production in the 
Savannah agro-ecological zone include the inland valley soils occurring within the shale / 
mudstone areas of the Voltaian Basin. Under irrigation, soils found on the old levees of the 
Volta and Nasia rivers, Lapliki series, are highly suitable. 
The Savannah agro-ecological zones experience the lowest rainfall (< 1000mm) amounts for 
the year. There is only one growing season, commonly referred too as the rainy season. The 
rainy season starts when the rains commence from May/June and ends in 
September/October. A long dry period is experienced from November to April. 
Temperatures are normally high and quite uniform throughout the year. Average monthly 
temperatures range from 25o to 35o C. 
The Forest agro-ecological zones on the other hand, experience relatively higher rainfall 
amounts (> 15000mm per annum) with a bimodal pattern. The major season rains occur 
between March and mid-July with a peak in May/June. There is a short dry spell from mid-
July to mid-August. The minor rainy season starts from mid-August to about the end of 
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October with a peak in September. A long dry period is experienced from November to 
February with possibilities of occasional rains. The rains appear to be nearly well distributed 
throughout the year, with amounts considered adequate for crop production occurring in 
the two peaks. Temperatures are normally high throughout the year with very little 
variations. The mean monthly temperatures range from 25o C in July/August to 29o C in 
March/April. 
Agriculture is the dominant land use for these lowlands. Across the country, the lowlands 
are commonly cultivated to rice and sometimes to vegetables. Within the forest ecology, 
maize, cocoa, oil palm, plantain and citrus are also cultivated in these areas, while maize, 
sorghum and millet are also cultivated within these lowlands in the Savannah agro-
ecological zones. With increasing intensity in use, there is the need for the development of 
technologies that will ensure the sustainable use of these lowlands, particularly for rice 
production. This chapter is therefore describing the nature of lowland soils in Ghana, their 
suitability for rice production and possible effective measures that need to be put in place 
for their sustainable use. Possible areas for further research are also provided.  
2. Soil types 
2.1 Soils of Savannah agro-ecological zones  
The most extensive lowland soils in the Savanna agro-ecological zones are Lima and Volta 
series, which originate from shale and mudstone. Lima series is the most extensive, followed 
by Volta and Changnalili series respectively (Dedzoe et al, 2001a & b; Senayah et al, 2001). 
These soils occupy a generally flat (0-3% slope), broad and very extensive lowland plains 
that are generally suitable for mechanization. In a catena, the fringes of the valley adjoining 
the upland is occupied by Changnalili series (Stagnic Plinthosol), followed by Lima series 
(Endogleyi–Ferric Planosol) and with the Volta series (Dystric or Eutric Gleysol) occurring 
closest to the stream bed. A general description (Senayah et al,) of some of these soil series 
are as given below. 
2.1.1 Lima series (Endogleyi – Ferric Planosol) 
The profile description of Lima series is presented in Table 1. Lima soils are deep (>140 cm) 
and imperfectly to poorly drained. At the peak of the wet season, they are flooded 
intermittently, depending on the duration or breaks in the rainfall. Topsoil textures are 
loam, silt loam or sandy loam and the underlying subsoil textures range from sandy clay 
loams to clays. 
2.1.2 Volta series  (Dystric or Eutric Gleysol) 
Table 2 shows a typical profile description of the Volta series. Volta soils are also very deep 
(>150 cm) and poorly drained. They occur close to streams or in depressions as compared to 
Lima. Textures are heavier and they are flooded for much longer periods than Lima soils. 
Topsoil textures are mainly silt loams and silt clay loams and in the underlying subsoil, silt 
clays and clays. The limitation of this soil is the difficulty of working when it is wet or dry. 
When wet, it is very sticky and easily gets stuck to implements and very hard when dry. 
2.1.3 Lapliki series (Abrupti-Stagnic Lixisol) 
Lapliki series is developed from mixed alluvial deposits and occur above flood plains. Unlike 
the Volta and Lima series, it is seldom flooded. It could be used under irrigation. The soil is 
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moderately well to imperfectly drained and occurs on middle to lower slopes. Lapliki series 
has a topsoil of grayish brown to light grey sandy loam, which is usually less than 30 cm 
thick. This grades into brownish yellow compact sandy clay loam below 30 cm and in turn 
overlies several meters of yellowish brown, mottled red sandy clay loam or sandy clay. 
 
Horizon Depth (cm) Description 
Ap 0- 23 
Dark grayish brown (10YR 4.5/2) to light brown (7.5YR    
6/3); few brownish yellow mottles; sandy loam; weak fine 
and medium granular; loose 
Eg 23 - 36 
blocky; friable. yellowish brown (10YR 5/4); many (15%) 
distinct brownish yellow mottles; sandy clay loam; weak fine 
and medium sub-angular 
Btg c 36 – 68 
Light yellowish brown (10YR 6/4); many (20%) distinct 
brownish yellow and yellowish red mottles; clay loam to 
clay; weak to moderate fine, medium and coarse sub-angular 
blocky; slightly firm to firm; many (20%) iron and 
 manganese dioxide concretions. 
Btg 68 – 140 
Light brownish grey (10YR 6/2); common (10%) distinct dark 
red mottles; clay; strong medium prismatic; very firm; 
common (10%) iron nodules 
Table 1. Profile description of a typical Lima soil series (FAO/WRB: Endogleyi-Ferric Planosol) 
 
 
Fig. 1.a. Typical profile of Lima soil series (FAO/WRB: Endogleyi-Ferric Planosol) 
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October with a peak in September. A long dry period is experienced from November to 
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moderately well to imperfectly drained and occurs on middle to lower slopes. Lapliki series 
has a topsoil of grayish brown to light grey sandy loam, which is usually less than 30 cm 
thick. This grades into brownish yellow compact sandy clay loam below 30 cm and in turn 
overlies several meters of yellowish brown, mottled red sandy clay loam or sandy clay. 
 
Horizon Depth (cm) Description 
Ap 0- 23 
Dark grayish brown (10YR 4.5/2) to light brown (7.5YR    
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and medium granular; loose 
Eg 23 - 36 
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distinct brownish yellow mottles; sandy clay loam; weak fine 
and medium sub-angular 
Btg c 36 – 68 
Light yellowish brown (10YR 6/4); many (20%) distinct 
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clay; weak to moderate fine, medium and coarse sub-angular 
blocky; slightly firm to firm; many (20%) iron and 
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Fig. 1.a. Typical profile of Lima soil series (FAO/WRB: Endogleyi-Ferric Planosol) 
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Horizon Depth (cm) Description
Apg 0 – 35 
Dark grayish brown (10YR 4/2); few distinct brownish 
yellow mottles; silt clay loam; moderate fine and medium 
sub-angular blocky; friable to slightly firm; very few (<3%) 
iron concretions 
Bwg 1 35 – 60 
Grayish brown (10YR 5/2); common distinct brown mottles; 
silt clay; moderate fine and medium sub-angular blocky; 
slightly firm; few (3%) hard iron and manganese dioxide 
concretions 
Bwg2 60 – 116 
Grayish brown (10YR 5/2; common (10%) distinct dark red 
and yellowish brown mottles; clay; moderate fine and 
medium sub-angular blocky firm; common (10%) iron and 
manganese dioxide concretions 
Table 2. Profile description of a typical Volta soil series (FAO/WRB: Eutric Gleysol) 
 
 
Fig. 2.a. Typical profile of Volta soil series (FAO/WRB: Eutric Gleysol) 
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2.2 Soil of forest agro-ecological zones 
Soils within the forest agro-ecology, on the other hand, are developed from the Lower 
Birimian rocks. The soils fall under the Akumadan – Bekwai / Oda Complex and Bekwai – 
Zongo / Oda Complex associations (Adu, 1992). The lower slope is occupied by imperfectly 
drained gravel–free yellow brown silty clay loams, Kokofu series, which are developed from 
colluvium from upslope, Temang series  which are gray, poorly drained alluvial loamy sands 
and Oda series which are clays occupy the valley bottoms. Most of the major streams are 
flanked by low, almost flat (0 – 2%) alluvial terrace consisting of deep, yellowish brown, 
moderately well to imperfectly drained silty clay loams, Kakum series.  The Bekwai – Zongo 
/ Oda complex association also consists of Bekwai, Nzima, Kokofu, Temang, Oda and 
Kakum series but in addition has a large tract of seepage iron pan soils called Zongo series. 
Zongo soils consist of sandy loam topsoil overlying yellow brown, imperfectly drained, clay 
loams containing ironstone concretions and iron pan boulders in the subsoil. On the other 
hand, Nzima soils are characterized by a high content of stones and gravel in some places 
resulting from the break up during weathering of veins and stringers of quartz injected into 
the phyllite. This results in the formation of the Mim series. A brief but general description of 
these soils includes: 
2.2.1 Mim series (Ferric Acrisol) 
Mim series is a moderately well to well drained soil found on middle slopes of 5-8%. The 
topsoil is dark reddish brown sandy loam. This overlies many to abundant (40-80%) quartz 
and stones in a reddish brown clay loam soil. This soil differs from the Nzima series by the 
higher gravel and stone content in the subsoil. Its effective depth is determined by the 
amount of quartz gravel and stones, where it becomes so abundant that there is only little 
soil material which varies between 30 and 60cm depth. 
2.2.2 Zongo series (Plinthosol)  
Zongo series is a moderately well to imperfectly drained soil, found on middle to lower 
slopes. The topsoil is dark grey sandy loam. The underlying subsoil is pale brown sandy 
clay loam containing ironstone gravel from 40cm, which increases with depth from many 
(15-40%) to abundant (40-80%). 
2.2.3 Kakum series (Gleyic Lixisol) 
Kakum soils are very deep (> 150cm), imperfectly to moderately well drained, occurring on 
the slightly raised old alluvial flats along the banks of major rivers/streams. The profile 
consists of dark brown, weak granular friable sandy loam at the topsoil. The subsoil is 
yellowish brown and faintly mottled, strong brown friable clay loam and a structure that is 
weak to moderate fine and medium sub-angular blocky granular. Below 100cm, the mottles 
become prominently reddish yellow. 
2.2.4 Kokofu series (Gleyic Lixisol) 
Kokofu series is found below Nzima series and occupies lower slope sites with slope gradients 
of 1-3%. It is developed from colluvial material from upslope. The soil is deep, non gravelly 
and moderately well or imperfectly drained. The topsoil consists of dark brown friable silt 
loam. The underlying subsoil consists of yellowish brown silt clay loam, faintly mottled 
yellow 
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Horizon Depth (cm) Description
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Mim series is a moderately well to well drained soil found on middle slopes of 5-8%. The 
topsoil is dark reddish brown sandy loam. This overlies many to abundant (40-80%) quartz 
and stones in a reddish brown clay loam soil. This soil differs from the Nzima series by the 
higher gravel and stone content in the subsoil. Its effective depth is determined by the 
amount of quartz gravel and stones, where it becomes so abundant that there is only little 
soil material which varies between 30 and 60cm depth. 
2.2.2 Zongo series (Plinthosol)  
Zongo series is a moderately well to imperfectly drained soil, found on middle to lower 
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clay loam containing ironstone gravel from 40cm, which increases with depth from many 
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2.2.5 Temang series (Haplic Gleysol) 
This soil is developed from alluvial material and occupies the valley bottoms of 0-1% slope 
and depressions that are subjected to water-logging during the rainy season. The soil is deep 
and poorly drained. The topsoil consists of brown, faintly mottled dark yellowish brown 
friable loam. The underlying subsoil is pale brown to light brownish grey friable sandy loam 
with dark yellowish brown mottles. 
 
 
Fig. 3. Typical profile of Nta soil series (FAO/WRB: Eutric-Gleysol) 
 
Horizon Depth (cm) Description
Apg 0-6 
Dark grayish brown (10 YR 4/2) with  clear smooth rusty 
mottles, moderate sub-angular blocky with a sandy loam 
texture
Bacg 6-17 Dark grayish (10 YR 3/2) with clear waxy yellow mottles, moderate granular and sandy loam in texture 
Bcg 17-34 Grayish (10 YR 6/2) with clear smooth yellow mottles, moderate crumbly and sandy loam in texture
Bcg2 34-75 Grayish (10 YR6/1) with clear smooth rusty mottles, fine granular with a sandy clay loam texture
Cg1 75-89 Grayish (10 YR 6/2) with clear smooth rusty mottles, moderate crumbly and sandy clay loam
Cg2 89-140 Grayish (10 YR7/1) clear smooth rusty mottles, fine granular and a sandy clay loam texture
Table 3. Profile description of typical Oda soil series (FAO/WRB: Eutric-Gleysol) 
 




Fig. 4. Typical profile of Oda soil series (FAO/WRB: Eutric-Gleysol) 
3. Some research findings 
3.1 General fertility status of lowland soils in West Africa 
Across the sub-region, various studies (Issaka et al, 1999a, b, 1997, Buri et al, 1996, 1998, 
2000, 2006) have shown that lowlands are generally low in soil fertility with wide variations 
in fertility levels across the different and varied agro-ecological zones. Soil fertility levels as 
compared to other regions of the world showed the sub region to be quite deficient in 
available phosphorus and relatively lower in the basic cations particularly calcium and 
potassium, thus reflecting lower levels of eCEC. Thus soils of West African lowlands in 
general are characteristically low in basic plant nutrients. 
3.2 General fertility status of lowland soils in Ghana 
3.2.1 Soil reaction 
In Ghana, soil pH within the drier Savannah agro-ecological zones, particularly both the 
Volta and Lima series are strongly acid (mostly < 5.0). Topsoil pH ranges from strongly acid 
to neutral for Lapliki series. However, pH of lowlands within the Forest agro-ecological 
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zones is relatively uniform. Soil pH is slightly higher and generally greater than 5.5. Even 
though some of the soils within this zone are relatively acid, this is on a limited scale. 
Exchangeable acidity is also relatively higher within the savannah agro-ecology (mean = 1.0 
cmol (+) kg-1) which can adversely affect basic cation balances particularly Ca and Mg 
leading to adverse effect on rice growth. However, generally and under reduced conditions, 
pH levels may not pose any serious problem for rice production, since hydromorphic or 
reduced conditions under rice cultivation tend to favour and enhance pH increases. 
3.2.2 Total carbon and nitrogen 
Within the forest agro-ecological zones, lowland soils have low to moderate levels of 
organic carbon. Organic Carbon levels could be as low as 4 g kg-1 at some sites and rising to 
37g kg-1 at some locations. Mean levels are around 12.0 g kg-1. However, within the 
savannah agro-ecology, organic carbon levels are comparatively lower with general mean 
levels around 6.0 g kg-1 with a 50% coefficient of variability across locations. Volta series 
shows relatively higher organic matter content (13-22 g kg-1) than Lima series (8-19g kg-1) 
within the topsoil. In the same vein total Nitrogen levels show a similar trend to that of 
Carbon, being slightly higher for the forest than the savanna agro-ecological zones. Total 
Nitrogen has a mean value of 1.1g kg-1 within the forest agro-ecology with very little 
variability. The savannah zones show much lower levels of total Nitrogen with much lower 
variability compared to the forest ecology. Mean levels across locations is lower than 
0.7g kg-1.  
3.2.3 Available phosphorus (P) 
Available P is generally very low for all the soil types and across all agro-ecological zones 
(Buri et al, 2008a, b). Available P is the single most limiting nutrient. It varies very greatly 
across locations within the forest agro-ecological zones. Mean levels within the Forest is 
about 5 mg kg-1 but varied very greatly (CV > 90%). Within the Savanna zones, mean 
available P levels for lowlands is even lower and also varies significantly (CV > 60%). Mean 
level is about 1.5 mg kg-1. Under hydromorphic conditions, P utilization and availability is 
enhanced. This makes current available P levels very inadequate and therefore very limiting 
to the utilization of these lowlands for rice cultivation due to its significant inlake. 
3.2.4 Exchangeable bases  
Exchangeable cations (K, Ca, Mg) levels within the forest ecology are generally moderate to 
medium across most locations, even though they also vary significantly (CV > 60%). 
Exchangeable Potassium (K) has a mean value of 0.4cmol (+) kg-1. Exchangeable Ca and Mg 
have mean values of about 7.5 cmol (+) kg-1 and 4 cmol (+) kg-1 respectively. Exchangeable 
Na levels are lower {mean = 0.32 cmol (+) kg-1} but show much higher variability (CV > 
80%). Effective Cation Exchange Capacity (eCEC) values within the forest agro-ecology are 
relatively moderate, a reflection of the moderate levels of exchangeable cations. Most 
lowlands within the forest are therefore relatively adequate in Ca, Mg and Na, but with 
some areas showing potential K deficiencies.  
Exchangeable cation levels within the Savannah agro-ecological zones are, however, 
generally low when compared to those of the forest agro-ecological zone. Topsoil 
exchangeable calcium is moderate and relatively higher for Volta series {2.2-5.8 cmol (+) kg-1} 
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than the Lima series {1.76-2.24 cmol (+) kg-1}. Mean levels of exchangeable K {0.22 cmol (+) 
kg-1}, Mg {0.9 cmol (+) kg-1} and Na {0.11 cmol (+) kg-1} are also quite low with coefficient of 
variability levels of over 74%, 90%, and 77% respectively. Effective cation exchange capacity 
levels are therefore relatively low across locations, indicative of the need to consider 
improving upon the levels of these nutrients under any effective and sustainable cropping 
program (Table 4). 
3.2.5 Soil texture 
Within the drier Savannah agro-ecological zones, lowland soils are relatively low in clay 
content. Most locations show less than 10% clay content but again with higher variability 
(CV > 60%). The soils, however, show appreciable levels of silt (mean > 60%) and are 
therefore mostly Silt loam in texture, with isolated areas being sandy loam. They occur 
abundantly and cover a greater part of the lowlands. The soils are generally deep but 
water retention capacity may be low due to low clay contents. Typical examples are as 
described earlier. Within the forest ecology, the soils are also relatively low in clay (mean 
= 13%). They also contain relatively higher levels of silt (mean > 50%). Some are deep 
while others are very shallow. Textures vary from sandy loam through silt loam to loam. 















fields of S. 
E. Asia 
Sample (No.) 90 122 247 410 
pH (water) 4.6 5.7 5.3 6.0 
Total Carbon (g kg-1) 6.1 12.0 12.3 14.1 
Total Nitrogen(g kg-1) 0.65 1.10 1.08 1.30 
Available Phosphorus (mg kg-1) 1.5 4.9 8.4 17.6 
Exch. Calcium {cmol (+) kg-1} 2.1 7.5 2.8 10.4 
Exch. Magnesium {cmol (+) kg-1} 1.0 4.1 1.3 5.5 
Exch. Potassium {cmol (+) kg-1} 0.2 0.4 0.3 0.4 
Exch. Sodium {cmol (+) kg-1} 0.1 0.3 0.3 - 
Effective CEC {cmol (+) kg-1} 4.4 12.7 5.8 17.8 
Clay (g kg-1) 66 127 230 280 
 
Table 4. Soil nutrient levels of lowlands in Ghana in comparison with West Africa and 
paddy field of South East Asia 
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zones is relatively uniform. Soil pH is slightly higher and generally greater than 5.5. Even 
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Research further shows that productivity of these soils can be improved and sustained when 
water and nutrient management structures are put in place. Buri et al, (2004) observed that, 
soils of lowlands in Ghana respond significantly to the application of soil amendments like 
farm organic materials and mineral fertilizer. The authors observed that, applying 7.0 t ha-1 
of poultry droppings gave similar rice grain yields as the full dose of recommended mineral 
fertilizer of 90kg N, 60kg P2O5and 60kg K2O per ha or a 50% dose of recommended mineral 
fertilizer rate and 3.5t ha-1 of poultry droppings combined. Furthermore application of cattle 
dung or rice husk resulted in significant increases in rice grain yield over the control. In a 
similar study, Issaka et al, (2008) also reported significant increases in rice grain yield with 
improvement in water management and land preparation. Rice grain yield increased 
significantly in the order: farmers practice < bunded only < bunded and puddled < bunded, 
puddled and leveled. The introduction of improved soil, water and nutrient management, to 
some selected farmers resulted in significant increases in total rice grain production. Mean 
rice grain yields among such farmers compared to the national mean is presented in Table 4. 
There was an increase in yield ranging from 154% to 235% over the period 2003 to 2009. 
Such significant yield increases in rice grain could lead to improved and sustainable 
management of these lowlands, as enough revenue will be generated which can be re-






*National mean rice grain yield (t ha-1) 
 
Year of Production 
Grain yields under 
“Sawah” system 
 (t ha-1) 
National  mean rice 
grain yield 
 (t ha-1) 
% increase as a result 
of “Sawah” adoption 
2003 5.1 2.0 155 
2004 5.6 2.0 180 
2005 5.0 2.0 150 
2006 5.7 2.0 185 
2007 5.7 1.7 235 
2008 6.0 2.3 161 
2009 6.1 2.4 154 
Mean 5.6 2.1 167 
 
*source – Ministry of Food and Agriculture, Ghana 
 
 
Table 5. Mean rice grain yields under the “Sawah” system compared to the national mean in 
Ghana 
 




On the basis of generally observed nutrient levels and heterogeneous nature, lowland 
soils in Ghana are deficient in most basic nutrient elements which vary considerably from 
location to location. Site specific nutrient management options are therefore 
recommended. However, nutrient deficiency limitations can be corrected through 
improved organic matter management, additions of mineral fertilizers, integrated soil 
fertility management methods and adoption of sustainable and improved rice production 
technologies (e.g. “Sawah” system). The “Sawah” system which is intrinsic and 
conservative can help improve and/or maintain nutrient levels within these environments 
which will enhance sustainability. Considering the variable nature of lowlands, further 
research in soil, water and nutrient management (particularly organic matter) may be 
necessary for the development of specific suitable and sustainable technologies for the 
various ecologies. This will encourage and promote easy adoption for sustainability and 
increased productivity. 
5. Recommended management practices 
Lowland soils in Ghana are deficient in most basic nutrient elements which vary 
considerably across locations. These are soils with heterogeneous characteristics and 
therefore require different/varied management options. The major constraints to the use of 
these sites for rice cultivation include luck of proper land preparation methods, ineffective 
water management and low soil fertility. Generally, greater emphasis is laid on the 
development of improved planting material (varieties) to the neglect of the micro-
environment in which the improved planting material will grow. Consequently, the high 
yielding varieties perform poorly because soil fertility cannot be maintained. This has led to 
farmers not realizing the full potential of improved rice varieties. There is the need for the 
integration of genetic and natural resource management. Therefore for the effective 
utilization of these lowlands, the development of technologies that will result in a balance 
between bio-technology (varietal improvement) and eco-technology (environmental 
improvement) should be promoted.  
The provision of water management structures will greatly improve the utilization and 
nutrient management options of these lowlands. The development of technologies that will 
be easy-to-adopt and using affordable materials for water harvesting will make more 
farmers adopt water harvesting for use on their rice fields. This therefore calls for the 
development of technologies that will enhance water harvesting from small streams and 
springs that occur abundantly in these lowlands. Due to farmers inability to use the 
recommended amounts of mineral fertilizers, integrated nutrient management options are 
very necessary. The combined use of farm organic materials, mineral fertilizers and effective 
cropping systems will help improve soil fertility. The recycling of farm organic matter will 
be very useful. Farm organic materials may be used directly on rice fields or may be treated 
(composted, ashed, charred). The constant burning off of farm organic matter should be 
discouraged. Instead, farmers should be educated on how to do partial burning under 
special conditions. 
The adoption of improved rice production technologies such as the “Sawah” systems will 
significantly lead to improved water and nutrient management. The concept and term  
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“Sawah” refers to man-made improved rice fields with demarcated, bunded, leveled, and 
puddle rice fields with water inlets and outlets which can be connected to various irrigation 
facilities such as canals, ponds, weirs, springs, dug-outs or pumps. Field demarcation based 
on soil, water and topography need to be considered seriously for the sustainable use of 
these lowlands. Site specific nutrient management options are therefore recommended. 
However, while nutrient deficiency limitations can be corrected through improved organic 
matter management, additions of mineral fertilizers and/or integrated nutrient 
management options, water management under current traditional systems is very poor. 
This tends to negatively affect both soil nutrient retention and availability for plant use. As a 
step towards improving water management, simple and cost effective management 
structures are necessary for harvesting surface water for temporal storage and use. Land 
preparation methods for rice cultivation should be improved to include the construction of 
bunds and leveling in addition to ploughing. The uses of heavy land preparation machinery 
such as tractors are not suitable for most lowlands due to their sizes, topography, wetness 
and nature of soils. The use of lighter and affordable land preparation machinery such as the 
power tiller (two wheel tractor) should be preferred. 
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Impact of Mineral Fertilizer Integration  
with Farmyard Manure on Crop Yield,  
Nutrient Use Efficiency, and Soil  
Fertility in a Long-Term Trial 
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1. Introduction 
Plant nutrient should be well managed to increase productivity of crop production with 
responsibility to protect environment. The major purposes of plant nutrient management 
include: (1) to budget and supply nutrients for crop production; (2) to properly utilize manure 
or organic byproducts; (3) to minimize agricultural nonpoint source pollution of surface and 
ground water resources; (4) to protect air quality by reducing nitrogen loss; and (5) to maintain 
or improve the physical, chemical, and biological condition of soil (NRCS and NHCP, 2006). 
Availability of sufficient amount of nutrients at the right place and time is an essential factor to 
maximize crop yield per area. Plant nutrient management is defined as application of right 
form, quantity, and ratios of nutrient at a right location and growth stages of crop to increase 
yield per area with a minimum nutrient loss. It is described as fertilizer best management 
practices, integrated plant nutrient management, code of best agricultural practices, site-
specific nutrient management, and other similar expressions (Roberts, 2010). 
Nutrient recycling by application of organic fertilizer is needed to replace nutrient removed 
by crop yield from fields in order to restore crop production potential of a soil. But 
application of organic fertilizer alone insufficiently increases crop yield per area because 
nutrient content of organic fertilizer is unbalanced and if it is applied in a large quantity to 
balance nutrient supply the loss will increase. Therefore integrated plant nutrient 
management (IPNM) can minimize the problem. IPNM is application of mineral fertilizer in 
combination with locally available organic fertilizer to maintain soil fertility and to balance 
nutrient supply in order to increase crop yield per area. It is one of the best practices of plant 
nutrient management to take into consideration mineral fertilizer integration with organic 
sources of the plant nutrients to optimize social, economic, and environmental benefits of 
crop production. The main objectives of the IPNM are: (i) to maintain or enhance soil 
productivity,  (ii) to improve stock of plant nutrient in the soil; (iii) to limit nutrient loss to 
the environment by improvement of  nutrient use  efficiency (FAO, 1998).  
One of the most important challenges to continuously satisfy growing food demand is 
maximization of crop production on limited areas of agricultural land. Sustainable production 
of crop requires adequate supply of plant-available nutrients to support crop growth and that 
the nutrients removed in the harvested material or in the exported product of livestock 
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systems must be replaced so that soil fertility is not depleted over time: and at the same time, 
excess nutrient accumulation must be avoided to reduce the risk of nutrients moving out of the 
root zone to the air and water (Aulakh and Grant, 2008). Management of plant nutrient can 
potentially address the challenge through soil fertility improvement and reduction of nutrient 
loss. Soil fertility is the capacity of a soil to retain, cycle and supply essential nutrients for plant 
growth over extended periods of time (Alley and Vanlauwe, 2009). Nutrient and organic 
matter content of the soil determines status of its fertility. Soil organic matter is an important 
index of soil fertility (Rahman and Parkinson, 2007). It improves soil fertility with the 
following functions: source of inorganic nutrient for crops and microbial biomass, exchange of 
ions, chelating agent and buffer, aggregating soil particles,  support root development, and 
water conservation (Allison, 1973). In addition, it reduces level of atmospheric CO2 that 
contributes positively to climate change (USDA and NRCS, 2003). 
The concept of IPNM primarily optimizes the use of nutrients in organic fertilizer to 
maximize crop yield per area and to improve nutrient use efficiency (NUE) synergistically. 
Improvement of NUE implies reduction of nutrient losses so that it indicates environmental 
impact of nutrient management. NUE in agriculture can be considered from three major 
perspectives: (i) as ʽagronomic efficiencyʼ that concerns optimization of nutrient uptake by 
crop; (ii) as ʽeconomic efficiencyʼ that implies improvement of nutrient input increases 
profitability of crop production; and (iii) as ʽenvironmental efficiencyʼ, i.e. minimization of 
losses of nutrient to the environment (Robert, 2005). There are different methods to express 
NUE. This study uses the ʽdifference methodʼ, i.e. total nutrient removal of fertilized crop 
minus total nutrient removal of unfertilized crop per fertilizer rate (Varvel and Peterson, 
1990). It is appropriate to use the method in the long-term trials because nutrient is 
residually accumulated each year.  
This paper analyzes a long-term agronomic field trial comparing different schemes of 
integration of mineral fertilizer with Farm Yard Manure (FYM) in the production of potato, 
rye, and oat from 1958 – 2008. The objective of the trial is to measure the effects of IPNM on 
economic, social, and environmental dimensions of crop production sustainability. 
Moreover it investigates whether organic or mineral fertilizer alone can sustain nutrient 
demand of crop at the right balance to achieve the highest yield. It evaluates benefits of 
supplementing organic with mineral fertilizer and balanced mineral fertilizer application in 
crop production compared to application of organic fertilizer alone. Nutrient management 
affects ability to maximize crop yield per area, which is a primary factor to produce 
sufficiently high quality food, feed, and fiber in economically viable systems of production. 
There are three major components of plant nutrient managements, which are known as 
nutrient recycling or organic plant nutrient management (OPNM), IPNM, and balanced 
plant nutrient management (BPNM). In this study the three components of plant nutrient 
managements  are considered as FYM alone (OPNM), FYM + mineral fertilizer (IPNM), and 
mineral N+PK+Mg fertilizers alone (BPNM). The analysis deals with the evaluation of social 
and economic (crop yield), environmental (NUE), and soil fertility (organic matter and 
nutrient index) benefits of the IPNM and the BPNM compared to the OPNM. 
2. Material and methods 
2.1 Location and history 
The Hanninghof long-term trial is located near Duelmen in Western Germany. The 
experiment started in 1958 with potato cultivation. The potato was followed by winter rye 
in 1959 and oat in1960.  Since then each crop was cultivated 17 times in rotation. Long-
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term experiments (LTE) are classified as: classical (longer than 50 years); medium length 
(20 – 50 years old); and young (less than 20 years) long-term trials (Steiner and Herdt, 
1993). The Hanninghof long-term trial completed its medium phase in year 2008 and it 
entered its classical stage in 2009. It is listed along the most prominent classical LTE in the 
world. 
2.2 Soil and climate 
The soil is a sandy with the following initial soil parameters: carbon total 1%, N total 
0.1%, pH 6, P2O5 12 mg (100 g) –1 and K2O 5 mg (100 g) –1. Annual average rain fall (1961 
– 2008) was 885 mm and average air temperature (1962 – 2008) was 10 °C. Spring and 
summer averages were 201mm and 243 mm rainfall and 9 °C and 18°C air temperature, 
respectively. 
2.3 Layout 
The trial is a two factorial experiment with the factors mineral fertilizer with and without 
FYM. The layout is a split-plot design with a randomized complete block design. The 
cultivated area of the trial is 0.3ha (72 × 42m). The field is split into two parts, one receiving 
FYM every three years and one receiving no additional organic material. Each of the two 
parts is subdivided into 32 plots i.e. 64 plots in total. The gross area of each plot is 4.5×10.5m 
with a harvested net area of 4×10m. 
2.4 Treatment 
A total of 16 treatments were established as shown in Table 1. Each treatment is replicated 
four times and randomly assigned to 64 plots.  In 1960, a treatment with N only (#8 and #16) 
was introduced. Since the trial was already ongoing for two years a new control for 
treatments # 8 and # 16 was established. Because they were not different from  the old 
control treatments (#2 and #10) the new control treatments  (#7 and #15) are omitted from 
analysis of the result (Table1). 
 
Mineral fertilizer with FYM Mineral fertilizer without FYM 
# Treatments # Treatments 
1 FYM + N + P 9 N + P 
2 FYM 10 Control (without mineral fertilizers) 
3 FYM + N + K 11 N + K 
4 FYM + N + P + K 12 N + P + K 
5 FYM + P + K 13 P + K 
6 FYM + N + P + K + Mg 14 N + P + K + Mg 
7 FYM 15 Control (without mineral fertilizers) 
8 FYM + N 16 N 
Table 1. Description of treatments.  
Mineral fertilizer N,  P, K, and Mg application rates for each crop are given in Table 2.  
The mineral fertilizer rates were the same for the two parts of the trial with and without 
FYM. 
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Crop Years Mineral fertilizer application rate (kg ha 
–1) 
N P2O5 K2O MgO 
Potatoes Initial 1958 100 90 160 50 Since1979 140 90 160 50 
Winter rye Initial 1959 60 90 120 50 Since 1980 140 90 120 50 
Oat Initial 1960 100 90 120 50 
Table 2. Mineral fertilizer application rate for potatoes, winter rye, and oat from 1958 –  
2008. 
P, K, and Mg mineral fertilizer were applied once at planting for all crops. N mineral 













Winter rye Initial 1959 - 60 - 40 40 Since 1995 - 30 30 40 40 
Oat Initial 1960 60 - - - 40 
Table 3. Mineral N fertilizer application time for winter rye and oat from 1959 – 2008. 
FYM was applied as pig manure at a rate of 25 t ha –1 once every three years in spring 10 
days before potato planting. The 25 t ha –1 FYM was applied once in rotation to supply 
nutrient requirement of potato, winter rye, and oat production. It was a typical manure 
application rate in 1958. Nutrient content of FYM is given in Table 4 (YARA and KTBL, 
2005).  
 
Unit Amount of N, P, K, and Mg in pig manure N total P2O5 K2O MgO 
kg t -1 7 6.7 7.2 2.2 
kg ha-1 175 167.5 180 55 
Table 4. Nutrient contents of 25 t ha–1  pig manure (FYM). 
Since 1958, lime (CaO) was applied to the whole field at a rate of 1000kg ha –1 every three 
years to stabilize soil pH. 
2.5 Measurements 
Crop fresh and dry matter yields were recorded. N, P, and K concentrations of tuber, grain, 
and straw were analyzed. The straw of winter rye and oat were removed from the field. 
Soil organic matter content was measured as C total and N total at depth of 0 – 30 
centimetres (cm).  
Soil P2O5, K2O, and pH levels were measured at 0 –  30 cm.  
Mineralized N as NH4+ & NO3-2  and mineralized sulphur as SO4-2 were measured at three 
depths: 0 – 30 cm, 30 – 60 cm, and 60 – 90 cm. 
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2.6 Statistical analysis and calculations 
The differences between average dry matter yields of treatments were analyzed statistically. 
During 1958 – 2008 each crop was grown 17 times in rotation. The average yield of each crop 
was calculated as an average of 17 years for each of the 4 replicates of a treatment in which 
each crop was grown. The average replicates were considered in comparison of means of 
potato tuber yield, winter rye grain yield, and oat grain yield.  
The difference method was used to calculate nutrient use efficiencies. NUE (%) = Nutrient 
removal with fertilized crop minus nutrient removal with unfertilized crop divided by 
fertilizer rate × 100 (Varvel and Peterson, 1990). The N fertilizer use efficiency, for example, 
was calculated as the total N removal of the crop (tuber, grain, and straw) yield fertilized 
with N minus total N removal of crop yield without fertilizer (control treatment) divided by 
total N fertilizer rate times 100. The calculation was done in a similar way for P and K 
fertilizer use efficiencies. 
Soil fertility levels were indicated by relative increase of C-total, and  P2O5 and K2O 
content.  
3. Results 
This paper mainly focuses on the results of a combination of FYM with mineral fertilizers as 
an example of the IPNM in comparison to the results of application of FYM alone  as an 
example of the OPNM. 
 
 
Fig. 1. Average potato yield (1958 –2006, n=17) at different combination of mineral fertilizer 
with FYM. 
3.1 Effects of application of FYM alone, the combination of FYM with mineral fertilizer, 
and mineral fertilizer alone on crop dry matter (DM) yield 
3.1.1 Average tuber yield of potato 
Application of FYM plus mineral fertilizer was increased potato yield. The highest yield of 
potato tuber was measured at 5.74 t ha –1 in the treatment of the combination of FYM  with 
mineral NK fertilizer. The average yield of 5.74 t ha –1 is quite low and can be explained by 
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the low yielding variety of potato at early decades of the trial and low water supply because 
of the sandy texture of the soil at the site. Integration of mineral P fertilizer with FYM did 
not achieve the highest yield because potato tuber yield is more responsive to K than P 
fertilizer.  Application of FYM (i.e. organic fertilizer) alone decreased potato yield by 31% in 
comparison to integration of mineral NK fertilizer with FYM (Figure 1). Application of FYM 
alone and omitting application of mineral N+Mg, PK+Mg, and Mg fertilizers reduced potato 
yield by 15%, 57%, 41%, and 12%, respectively in comparison to the application of 
N+PK+Mg fertilizers without FYM (Figure 4). Balanced mineral fertilizer application (i.e. 
the N+PK+Mg treatment without FYM) achieved more additional yield than  application of 
FYM alone  even though less amount of N, P, K, & Mg were applied as mineral fertilizer in 
comparison to nutrient content of FYM at the year of potato cultivation of each of the 
rotations (Table 4).  
3.1.2 Average grain yield of winter rye 
The crop yield was increased with application of FYM plus mineral fertilizer. Application of 
mineral NP fertilizer with FYM achieved the highest average grain yield of 5.1 t ha –1 but 
application of FYM alone reduced crop yield by 56% in comparison to the highest yield 
(Figure 2). Organic fertilizer (FYM treatment) alone and omitting application of mineral 
N+Mg, PK+Mg, and Mg fertilizers reduced winter rye yield by 51%, 61%, 9%, and 3%, 
respectively compared to the yield of the treatment with N+PK+Mg (balanced mineral 
fertilizer) application (Figure 4). Effect of organic fertilizer (FYM) on winter rye yield was 
reduced, because most of the nutrient in the FYM was consumed by cultivation of potato  
before winter rye in a rotation (Figure 4). 
 
 
Fig. 2. Average winter rye yield (1959 –2007, n=17) at different combination of mineral 
fertilizer with FYM. 
3.1.3 Average grain yield of oat 
The highest average yield of oat grain was measured at 3.97 t ha –1 in the combination of 
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56% compared to the highest yield, but the yield was increased with application of FYM 
plus mineral fertilizer (Figure 3). Organic fertilizer (FYM) alone and omitting application of 
mineral N+Mg, PK+Mg, and Mg fertilizers reduced oat yield by 52%, 60%, 28%, and 5%, 
respectively in comparison to the balanced mineral fertilizer application (Figure 4). 
Unbalanced mineral fertilizer application is the result of either omitting,  insufficient, or 
over application of one or more nutrient. Omitting application of mineral N, PK, and Mg 
fertilizers reduced crop yield, because specific function of a nutrient cannot be replaced with 
specific functions of other nutrients.  
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3.2 Effects of application of FYM, combination of FYM with mineral fertilizer, and 
mineral fertilizer alone on nutrient use efficiency of crop 
The effect of nutrient management on N, P, and K fertilizers use efficiency of crops during 
50 years of the experiment is explained as follows.  
3.2.1 The N fertilizer use efficiency (NFUE) 
The combination of mineral N and P fertilizers with organic fertilizer (FYM) achieved the 
highest NFUE in comparison to all the treatments with FYM (Table 5). Application of FYM 
alone decreased NFUE of crop by 27% in comparison to the highest NFUE (Table 5). The 
combination of mineral with organic fertilizer resulted in a higher NFUE than application of 
FYM alone. Application of FYM alone and omitting application of mineral PK+Mg or Mg 
fertilizer reduced NFUE in comparison to the balanced mineral fertilizer application (Figure 
5). Neither application of organic fertilizer (FYM) alone nor unbalanced mineral fertilizer 
application combines benefits of high yield and improvement of NFUE.  Improvement of 
NFUE is required to minimize risk of environmental degradation, because increase of 
recovery of N by high yield of crop is responsible to reduce loss of N. High crop yield and 
improvement of NFUE are achieved with the approaches of IPNM and balanced mineral 
fertilizer application (i.e. the BPNM).  
 
Treatments 
N, P, and K fertilizers use efficiency
NFUE (%) Relative to the highest PFUE (%)
Relative to 
the highest KFUE (%) 
Relative to 
the highest 
FYM 26.5 -27% 21.7 -63% 54.3 -57% 
FYM+PK 29.6 -19% 9.5 -84% 20.5 -84% 
FYM+N 33.8 -7% 54.4 -6% 112.1 -12% 
FYM+NPKMg 34.8 - 4% 23.8 -59% 48.7 -62% 
FYM+NK 35.5 - 3% 57.9 100% 47.8 -62% 
FYM+NPK 35.7 - 2% 23.5 -59% 48.8 -62% 
FYM+NP 36.4 100% 23.9 -59% 126.9 100% 
Table 5. Nutrient use efficiency of crop. 
3.2.2 The P Fertilizer Use Efficiency (PFUE)  
Application of FYM without mineral fertilizer reduced PFUE of crop by 63% in comparison 
to the highest PFUE (Table 5). The PFUE of crop was increased in integration of mineral N 
or NK fertilizers with FYM (Table 5). The highest PFUE was achieved with application of 
FYM plus mineral NK fertilizer, because nutrient supply for crop demand is  balanced. 
Application of organic fertilizer (FYM) alone and omitting application of mineral N+Mg or 
Mg fertilizer reduced PFUE in comparison to the balanced mineral fertilizer application 
(Figure 5). The PFUE of crops in integration of mineral PK with FYM and application of 
mineral PK without FYM is very low, because mineral P and K fertilizers application 
without mineral N fertilizer achieved very low yield and poor recoveries of P in tuber, grain, 
and straw of crops. Yield and the PFUE of crops were increased with the approaches of 
IPNM and balanced mineral fertilizer application (i.e. the BPNM). 
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3.2.3 The K fertilizer use efficiency (KFUE)  
The combination of mineral N and P fertilizers with organic fertilizer (FYM) resulted the 
highest KFUE of crop (Table 5).  Application of organic fertilizer alone decreased KFUE of 
crop by 57% in comparison to the highest KFUE (Table 5). Integration of mineral N and NP 
fertilizers with organic fertilizer  increased KFUE of crops in comparison to application of 
organic fertilizer alone, because it balances nutrient need of crops. Application of mineral 
NPK and NPK+Mg without FYM did not achieve higher KFUE than application of organic 
fertilizer alone, because the quantity of K fertilizer applied as mineral was 122% higher than 
the amount of K applied as FYM alone at each of the complete rotation (Tables 2 and 4). 
Integration of mineral NP fertilizer with FYM combines the advantages of the highest crop 
yield and improvement of the KFUE.  
 
 
Fig. 5. N, P, and K fertilizers use efficiency of all crops and years. 
3.3 Effects of application of FYM alone, the combination of FYM with mineral fertilizer, 
and mineral fertilizer alone on soil fertility 
The effects of application of  organic fertilizer (FYM) alone, integration of mineral with 
organic fertilizer, and balanced mineral fertilizer application on soil fertility during 50 years 
of the experiment are measured with the levels of soil organic matter content and the 
development of the P, and K content of the soil. Organic matter and nutrient content are 
considered as the major indicators of soil fertility.  
3.3.1 Level of soil C total 
The soil organic matter content was measured as soil C total. Organic matter improves soil 
fertility through its positive impact on chemical, physical, and biological properties of a soil. 
In general the level of soil C total is low because  crop residues (straw of winter rye and oat) 
have been removed from the field. Even though the crop residues were removed from the 
field a significant amount of carbon has been accumulated by root biomass. The level of C 
total in top soil was increased with the application of farm yard manure (FYM) plus mineral 
fertilizer and the balanced mineral fertilizer application (the N+PK+Mg treatment). 
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field a significant amount of carbon has been accumulated by root biomass. The level of C 
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However organic matter content of the soil was depleted by application of  organic fertilizer 
alone (the FYM treatment) and by unbalanced application of mineral fertilizer (the PK 
treatment without FYM).The highest accumulation of C total was achieved with application 
of FYM plus mineral NP fertilizer (Table 6). Integration of mineral N and P fertilizers with 
FYM resulted in an increase of  the soil organic matter content and in addition to this benefit 
it achieved the highest yield and nutrient use efficiency in comparison to application of FYM 
without mineral fertilizer.  
3.3.2 Level of soil P2O5  
The soil P2O5 level indicates the potential of a soil to supply P to a crop. The soil P index in 
Germany is classified as ‘very low’ (< 5), ‘low’ (6 – 9), ‘medium’ (10 – 20), ‘high’ (21 – 34), 
and ‘very high’ (> 35) mg P2O5 per 100 g soil at 0 – 30 cm depth (YARA and KTBL, 2005). 
Integration of  mineral fertilizers with FYM; and the application of mineral PK and  
N+PK+Mg fertilizer without FYM increased the status of soil P from medium to the `high` 
index (Table 7).  Application of organic fertilizer (FYM) without mineral fertilizer kept soil P 
index at the ‘medium’ level.  
The soil P content was depleted from medium to the `low` index by application of mineral N 
fertilizer without FYM (Table 7). It was depleted by unbalanced mineral fertilizer 
application (mineral N fertilizer without FYM),  because P has been removed through tuber, 
grain, and straw yields  of crops without replacement. Integration of mineral NP fertilizer 
with FYM  and balanced mineral fertilizer application increased soil P content in addition to 
the high yield of crop, better nutrient use efficiency,  and improvement of soil organic 
matter content in comparison to the organic fertilizer alone  and unbalanced mineral 
fertilizer application.  
3.3.3 Level of soil K2O  
The soil K2O level indicates the potential of a soil to supply K to a crop. The soil K index in 
N-Western Germany is ranked as ‘very low‘(< 2), ‘low‘ (3 – 5), ‘medium’ (6 –12), ‘high’ (13 –
19), and ‘very high’ (> 20) mg per 100 g soil at depth of 0 –30 cm (Landwirtschaftskammer 
Nordrhein-Westfalen, 2011). The status of soil K was changed from the low to the `high` 
index with integration of mineral NPK fertilizer plus FYM, mineral PK fertilizer pus FYM, 
and application of  mineral PK fertilizer without FYM (Table 7). This positive transformation 
of soil K did not result the highest crop yield because nutrient supply was unbalanced. 
Integration of  mineral NP, NPKMg, and NK fertilizers with FYM ; the application of 
mineral fertilizers without FYM; and organic fertilizer (FYM) increased status of soil K from 
low to the `medium` index (Table 7).  
The status of soil K was depleted from low to the ` very low` index by application of mineral 
N fertilizer without FYM (Table 7). Depletion of soil K content is the result of continuous K 
removal in crop yield without any replacement or with insufficient replacement. Integration 
of mineral NP fertilizer with FYM and balanced mineral fertilizer application increased soil 
K content in addition to maximization of crop yield, high nutrient use efficiency, and 
improvement of soil fertility. However application of FYM alone and unbalanced mineral 
fertilizer application did not result the highest crop yield and nutrient use efficiency. In 
general crop yield and nutrient use efficiency were reduced with application of FYM 
without mineral fertilizer (Figures 1, 2, & 3) and unbalanced mineral fertilizer application 
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(Figure 4) due to poor practices of nutrient management. Nutrient has to be effectively 
available to support the highest crop growth in order to maximize crop yield per area. 




C total in different years Relative to initial 
1958 (Initial) 2008 (Final) 2008 (Final) 
% kg ha –1 % kg ha –1  kg ha –1 
FYM 1 42000 0.98 41160 - 2% -840 
PK 1 42000 0.96 40320 - 4% -1680 
N+PK 1 42000 0.99 41580 - 1% - 420 
N+PK+Mg 1 42000 1.01 42420 + 1% +420 
N 1 42000 1.02 42840 + 2% +840 
FYM +N 1 42000 1.04 43680 + 4% +1680 
FYM +PK 1 42000 1.06 44520 + 6% +2520 
FYM +NPKMg 1 42000 1.07 44940 + 7% +2940 
FYM +NPK 1 42000 1.11 46620 + 11% +4620 
FYM+NK 1 42000 1.11 46620 + 11% +4620 
FYM+NP 1 42000 1.14 47880 + 14% +5880 
Table 6. Soil C total  at 0 to 30 cm depth. 
 
Treatments 
Milligrams of P2O5 
per 100 gram soil P index 
Milligrams of K2O 
per 100 gram soil K index 
1958 2008 2008 1958 2008 2008 
FYM 12 20 Medium 5 7 Medium 
N 12 7 Low 5 2 Very low 
FYM+N 12 16 Medium 5 4 Low 
N+PK 12 19 Medium 5 10 Medium 
FYM+NK 12 21 High 5 12 Medium 
PK 12 23 High 5 13 High 
N+PK+Mg 12 23 High 5 11 Medium 
FYM+NP 12 29 High 5 7 Medium 
FYM+NPK 12 29 High 5 13 High 
FYM+NPKMg 12 31 High 5 12 Medium 
FYM+PK 12 33 High 5 15 High 
Table 7. Soil P and K indexes at 0 to 30 cm depth in different years. 
4. Discussion 
Sources of plant nutrients are mainly mineral or organic origin. The organic source includes 
crop residues, animal manure, nitrogen fixation, green manure, and organic wastes. The 
organic materials need to get decomposed and available at a right amount, ratio, and time to 
effectively support growth and development of crop. Response of crop growth to organic 
source of nutrient depends on management and environmental conditions affecting 
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(Figure 4) due to poor practices of nutrient management. Nutrient has to be effectively 
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decomposition rate of organic materials. Therefore management of organic materials is an 
important component of both organic and integrated plant nutrient managements. The 
management is mainly related to source of organic materials and , rate, method,  and time of 
application.  
Recycling of organic materials at farm level does often not fully compensate nutrient 
removal by crop yield, because agriculture is not a closed system. Development of export of 
agricultural raw materials into the world markets has enormously increased the distance 
nutrient travelled from fields and in the vast majority of current farms a return flow of 
nutrients in waste products is no longer feasible and the nutrient cycle has thus become a 
nutrient flow process based on mining, with substantial on-site losses in each cycle and 
accumulation in urban areas (Noordwijk, 1999). Hence cost of transportation limits the use 
of organic fertilizer over a long distance. It is also difficult to predict the availability of 
nutrients and to apply the right quantity and ratio of nutrients from organic fertilizer to 
meet nutritional requirement of the crop at the right time. Therefore locally available 
organic fertilizer need to be supplemented by mineral fertilizer to replace nutrient loss in a 
long distance of export and to minimize management difficulties in order to sustain 
productivity of crop production and to restore soil fertility.  
4.1 Effect of nutrient management on crop yield  
It is desirable to use both mineral and organic sources of plant nutrients in an integrated 
principle (Emeritus and Roy, 1993). Integration of mineral with organic fertilizer improves 
availability and corrects the balance of nutrient to achieve healthy growth and development 
of crop. It increased potato tuber and cereal grain yields, because nutrient availability is 
improved. Combination of FYM with  mineral NK fertilizers increased potato yield by 45% 
in comparison to application of FYM alone (Figures 1). Maize grain yield was similarly 
increased by 52%  with integration of mineral N, P, and K fertilizers with cattle manure 
(Abunyewa, 2007). Also application of mineral N in mixture with FYM at N supply  of 50% 
urea and 50% FYM  increased wheat grain yield by 66% in comparison to application of 
FYM alone at the same rate of mineral N fertilizer (Zahir and Mian, 2006). The highest 
potato and cereal yields with the application of FYM plus mineral NK fertilizer and FYM 
plus mineral NP fertilizer, respectively confirm the economic benefit of the IPNM (Figures 1, 
2, and 3). 
The balanced mineral fertilizer application as the BPNM resulted a higher crop yield than 
with FYM alone (the OPNM) and an unbalanced mineral fertilizer application (Figure 4). 
Potato yield in the treatment of FYM alone was 15% lower than the potato yield of the 
treatment with balanced mineral fertilizer application , even though quantities of N, P, K, 
and Mg applied as FYM was higher than the N, P, K, and Mg applied as mineral fertilizer 
during potato cultivation (Figure 4 and Tables 4 & 2). Application of organic fertilizer alone 
does not fully satisfy nutritional requirement of crop because it is relatively difficult to 
balance nutrient availability to maximize crop growth and yield per area. Application of 
FYM alone decreased potato yield by 31% in comparison to integration of mineral NK 
fertilizer with FYM and it also reduced winter rye and oat yield by 56% in comparison to 
application of mineral NP fertilizer plus FYM (Figures 1, 2, and 3). In general with the best 
nutrient management practices, the IPNM and the BPNM, the highest crop yield per area 
were achieved in comparison to inferior management practices like the OPNM and the 
unbalanced mineral fertilizer application.  
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Maximization of crop production per area is the basis to achieve sufficient and affordable  
food to effectively meet the demand of a growing world population. Promotion of optimal 
and efficient plant nutrition is required on a large scale to achieve the 700 million tonnes of 
additional cereals that will be required by 2020. About 80% of the additional demand will 
have to come from already cultivated areas (Roy et al. 2006). Harvesting a maximum yield 
per area is the primary criteria to secure supply of food considering the limited potential to 
extend the crop land area globally (Bruinsma, 2003). Integration of mineral with organic 
fertilizer is one of the effective practices of plant nutrient management to increase crop yield 
per area. Therefore the highest yields of crop with FYM+NK (potato) and FYM+NP (cereal) 
treatments also supports the social benefit of the IPNM (Figures 1, 2, and 3). 
4.2 Effect of nutrient management on nutrient use efficiency 
Nutrient in organic materials should be used efficiently in order to increase crop yield per 
area and to reduce nutrient loss. Integration of mineral fertilizer with FYM increased 
nutrient use efficiency (NUE) of crops. However  with application of  organic fertilizer 
(FYM) alone the NFUE,  the PFUE, and the KFUE of crops were reduced  by 27% , 63%, and 
57%, respectively  in comparison to the highest nutrient use efficiency at the integration of 
mineral fertilizers with FYM (Table 5). The highest NFUE and KFUE were achieved with the 
integration of mineral NP fertilizer with FYM and the  highest PFUE was  achieved with the 
integration of mineral NK fertilizer with FYM (Table 5). Integration of NP with FYM 
increased NFUE and KFUE and application of  FYM plus mineral NK fertilizer increased 
PFUE of crops; because application of one nutrient increases use efficiency of other nutrient 
through synergistic effect, i.e. the total essential functions of two or more nutrients is higher 
than the sum of the essential functions of a single nutrient. 
The NFUE and the PFUE of crops were decreased by 37% and 16%, respectively with 
application of FYM alone in comparison to the balanced mineral fertilizer application 
(Figure 5). This indicates that nutrient in the FYM is not sufficiently available for uptake by 
crop at the right growth stages. Balanced mineral fertilizer application (the N+P+K+Mg 
treatment) resulted the highest yield of crops with the highest nutrient use efficiency: 
thereby, it balances economic, social, and environmental conditions for sustainability of crop 
production (Jate,  2010). Loss of N and P to the environment is reduced through 
improvement of NFUE and PFUE of crops by integration of NP and NK mineral fertilizers 
with FYM and balanced mineral fertilizer application. Therefore negative effects of N and P 
loss on environment is minimized with the approaches of the IPNM and the BPNM as the 
best practices of plant nutrient management. 
4.3 Effect of nutrient management on soil fertility 
Improvement of soil fertility is one of the basic criterions to maximize crop yield and to 
minimize nutrient loss per area. Integration of mineral with organic fertilizer increases soil 
fertility  through improvement of physical, biological and chemical properties of soil. 
Improvement of soil organic matter improves soil physical properties and it increases 
nutrient  availability that these improvements should ultimately lead to increase of crop 
growth and yield (Onemli, 2004). Application of FYM plus mineral fertilizer improved soil 
fertility through improvement of organic matter and nutrient content of the soil (Tables 6 
and 7). Fertilizer application significantly increased the concentrations of N, P, K and 
organic carbon in the plough layer of soil (Ishaq et al. 2002). 
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decomposition rate of organic materials. Therefore management of organic materials is an 
important component of both organic and integrated plant nutrient managements. The 
management is mainly related to source of organic materials and , rate, method,  and time of 
application.  
Recycling of organic materials at farm level does often not fully compensate nutrient 
removal by crop yield, because agriculture is not a closed system. Development of export of 
agricultural raw materials into the world markets has enormously increased the distance 
nutrient travelled from fields and in the vast majority of current farms a return flow of 
nutrients in waste products is no longer feasible and the nutrient cycle has thus become a 
nutrient flow process based on mining, with substantial on-site losses in each cycle and 
accumulation in urban areas (Noordwijk, 1999). Hence cost of transportation limits the use 
of organic fertilizer over a long distance. It is also difficult to predict the availability of 
nutrients and to apply the right quantity and ratio of nutrients from organic fertilizer to 
meet nutritional requirement of the crop at the right time. Therefore locally available 
organic fertilizer need to be supplemented by mineral fertilizer to replace nutrient loss in a 
long distance of export and to minimize management difficulties in order to sustain 
productivity of crop production and to restore soil fertility.  
4.1 Effect of nutrient management on crop yield  
It is desirable to use both mineral and organic sources of plant nutrients in an integrated 
principle (Emeritus and Roy, 1993). Integration of mineral with organic fertilizer improves 
availability and corrects the balance of nutrient to achieve healthy growth and development 
of crop. It increased potato tuber and cereal grain yields, because nutrient availability is 
improved. Combination of FYM with  mineral NK fertilizers increased potato yield by 45% 
in comparison to application of FYM alone (Figures 1). Maize grain yield was similarly 
increased by 52%  with integration of mineral N, P, and K fertilizers with cattle manure 
(Abunyewa, 2007). Also application of mineral N in mixture with FYM at N supply  of 50% 
urea and 50% FYM  increased wheat grain yield by 66% in comparison to application of 
FYM alone at the same rate of mineral N fertilizer (Zahir and Mian, 2006). The highest 
potato and cereal yields with the application of FYM plus mineral NK fertilizer and FYM 
plus mineral NP fertilizer, respectively confirm the economic benefit of the IPNM (Figures 1, 
2, and 3). 
The balanced mineral fertilizer application as the BPNM resulted a higher crop yield than 
with FYM alone (the OPNM) and an unbalanced mineral fertilizer application (Figure 4). 
Potato yield in the treatment of FYM alone was 15% lower than the potato yield of the 
treatment with balanced mineral fertilizer application , even though quantities of N, P, K, 
and Mg applied as FYM was higher than the N, P, K, and Mg applied as mineral fertilizer 
during potato cultivation (Figure 4 and Tables 4 & 2). Application of organic fertilizer alone 
does not fully satisfy nutritional requirement of crop because it is relatively difficult to 
balance nutrient availability to maximize crop growth and yield per area. Application of 
FYM alone decreased potato yield by 31% in comparison to integration of mineral NK 
fertilizer with FYM and it also reduced winter rye and oat yield by 56% in comparison to 
application of mineral NP fertilizer plus FYM (Figures 1, 2, and 3). In general with the best 
nutrient management practices, the IPNM and the BPNM, the highest crop yield per area 
were achieved in comparison to inferior management practices like the OPNM and the 
unbalanced mineral fertilizer application.  
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Maximization of crop production per area is the basis to achieve sufficient and affordable  
food to effectively meet the demand of a growing world population. Promotion of optimal 
and efficient plant nutrition is required on a large scale to achieve the 700 million tonnes of 
additional cereals that will be required by 2020. About 80% of the additional demand will 
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fertilizer is one of the effective practices of plant nutrient management to increase crop yield 
per area. Therefore the highest yields of crop with FYM+NK (potato) and FYM+NP (cereal) 
treatments also supports the social benefit of the IPNM (Figures 1, 2, and 3). 
4.2 Effect of nutrient management on nutrient use efficiency 
Nutrient in organic materials should be used efficiently in order to increase crop yield per 
area and to reduce nutrient loss. Integration of mineral fertilizer with FYM increased 
nutrient use efficiency (NUE) of crops. However  with application of  organic fertilizer 
(FYM) alone the NFUE,  the PFUE, and the KFUE of crops were reduced  by 27% , 63%, and 
57%, respectively  in comparison to the highest nutrient use efficiency at the integration of 
mineral fertilizers with FYM (Table 5). The highest NFUE and KFUE were achieved with the 
integration of mineral NP fertilizer with FYM and the  highest PFUE was  achieved with the 
integration of mineral NK fertilizer with FYM (Table 5). Integration of NP with FYM 
increased NFUE and KFUE and application of  FYM plus mineral NK fertilizer increased 
PFUE of crops; because application of one nutrient increases use efficiency of other nutrient 
through synergistic effect, i.e. the total essential functions of two or more nutrients is higher 
than the sum of the essential functions of a single nutrient. 
The NFUE and the PFUE of crops were decreased by 37% and 16%, respectively with 
application of FYM alone in comparison to the balanced mineral fertilizer application 
(Figure 5). This indicates that nutrient in the FYM is not sufficiently available for uptake by 
crop at the right growth stages. Balanced mineral fertilizer application (the N+P+K+Mg 
treatment) resulted the highest yield of crops with the highest nutrient use efficiency: 
thereby, it balances economic, social, and environmental conditions for sustainability of crop 
production (Jate,  2010). Loss of N and P to the environment is reduced through 
improvement of NFUE and PFUE of crops by integration of NP and NK mineral fertilizers 
with FYM and balanced mineral fertilizer application. Therefore negative effects of N and P 
loss on environment is minimized with the approaches of the IPNM and the BPNM as the 
best practices of plant nutrient management. 
4.3 Effect of nutrient management on soil fertility 
Improvement of soil fertility is one of the basic criterions to maximize crop yield and to 
minimize nutrient loss per area. Integration of mineral with organic fertilizer increases soil 
fertility  through improvement of physical, biological and chemical properties of soil. 
Improvement of soil organic matter improves soil physical properties and it increases 
nutrient  availability that these improvements should ultimately lead to increase of crop 
growth and yield (Onemli, 2004). Application of FYM plus mineral fertilizer improved soil 
fertility through improvement of organic matter and nutrient content of the soil (Tables 6 
and 7). Fertilizer application significantly increased the concentrations of N, P, K and 
organic carbon in the plough layer of soil (Ishaq et al. 2002). 
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Integration of mineral N and P fertilizers with FYM achieved 16% more organic matter 
(carbon)  content of the soil in comparison to application of FYM alone (Table 6). It resulted 
the highest crop yield per area with application of FYM plus mineral NP fertilizer (Figures 2 
and 3).  Similarly the integration of compound NPK (20:10:10) fertilizer at 150 kg ha-1 with 
FYM (cocoa pod ash) at 10 t ha-1 increased maize grain yield  and soil carbon content by 24% 
and 16%, respectively in comparison to FYM without mineral fertilizer (Ayeni, 2010). 
Accumulation of soil organic matter content improves growth condition for crop production 
through improvement of soil fertility and it also reduces CO2 emission through 
sequestration of carbon in the root biomass. Therefore both soil fertility and environmental 
benefits are achieved with the practice of IPNM. 
Fertilizer application increases crop yield per area through direct improvement of nutrient 
concentration in the soil. Integration of mineral NP and NK fertilizers with FYM and 
balanced mineral fertilizer application sustained high soil P (Table 7) and medium soil K 
(Table 8) status in addition to improvement of crop yield, nutrient use efficiency, and soil 
organic matter. Neither organic fertilizer alone nor unbalanced mineral fertilizer application 
ensures sustainability of crop production. Integration of mineral with organic fertilizer and 
balanced mineral fertilizer application sustain crop production through improvement of soil 
fertility and nutrient use efficiency. Therefore the IPNM and the BPNM are the best 
practices of plant nutrient management to increase crop production per area, to restore soil 
fertility, and to minimize negative effect of nutrient loss on environment. 
5. Conclusion 
Availability of sufficient quantity and effective form of nutrient just on a time at a right ratio 
and even distribution at root zone and canopy surface are the major parameters of nutrient 
management responsible to optimize nutrient uptake and crop yield. Application of organic 
fertilizer (FYM) plus mineral fertilizers as integrated plant nutrient management (IPNM) 
increases crop production per unit area through improvement of nutrient availability. It also 
improves nutrient use efficiency and soil fertility. The approach of IPNM combines 
economic, social, environmental, and soil fertility benefits of the best practice of nutrient 
management. These benefits are the basic criteria to sustain high crop yield per area in order 
to secure physical availability and socio-economic accessibility of food at a family, a local, a 
country, a regional, and global levels. 
The IPNM  is one of  the best practices of plant nutrient management that determines crop 
production potential of a soil in addition to its positive effect on nutrient use efficiency to  
minimize negative impacts of agriculture on quality of environment. It contributes to 
environment protection through reduction of N and P losses and sequestration of carbon in 
the soil organic matter. It reduces imbalances of nutrients; it limits uncertainty of nutrient 
availability;  it minimizes nutrient loss; it enhances soil organic matter content; and it avoids 
degradation of soil fertility. These major positive effects are very important to maximize 
crop yield per area, to improve nutrient use efficiency, and to ensure sustainability of soil 
fertility. 
The highest  crop yield with the approach of the IPNM, in comparison to application of 
organic fertilizer alone (the OPNM), is the result of  improvement of nutrient availability, 
balance, and uptake. The practice of the IPNM can balance rate and ratio of nutrient 
availability at the right growth stages of crop to increase yield per area with environmental 
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responsibility. Increase of crop production per area is needed to sustain physical availability 
and socio-economic ability to access food for humans and feed for animal consumptions. 
Nutrients of organic sources are taken up by plant roots after they are broken down 
(mineralized) into ionic forms. For the crop uptake there is no ionic difference between N, P, 
K, Ca, Mg, S, etc available from mineral and organic fertilizers. Therefore integration of 
mineral with organic fertilizer (the IPNM) is securer than the organic fertilizer alone (the 
OPNM): because  more crop yield and less nutrient loss per hectare has been achieved with 
the IPNM compared to the OPNM.  
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Integration of mineral N and P fertilizers with FYM achieved 16% more organic matter 
(carbon)  content of the soil in comparison to application of FYM alone (Table 6). It resulted 
the highest crop yield per area with application of FYM plus mineral NP fertilizer (Figures 2 
and 3).  Similarly the integration of compound NPK (20:10:10) fertilizer at 150 kg ha-1 with 
FYM (cocoa pod ash) at 10 t ha-1 increased maize grain yield  and soil carbon content by 24% 
and 16%, respectively in comparison to FYM without mineral fertilizer (Ayeni, 2010). 
Accumulation of soil organic matter content improves growth condition for crop production 
through improvement of soil fertility and it also reduces CO2 emission through 
sequestration of carbon in the root biomass. Therefore both soil fertility and environmental 
benefits are achieved with the practice of IPNM. 
Fertilizer application increases crop yield per area through direct improvement of nutrient 
concentration in the soil. Integration of mineral NP and NK fertilizers with FYM and 
balanced mineral fertilizer application sustained high soil P (Table 7) and medium soil K 
(Table 8) status in addition to improvement of crop yield, nutrient use efficiency, and soil 
organic matter. Neither organic fertilizer alone nor unbalanced mineral fertilizer application 
ensures sustainability of crop production. Integration of mineral with organic fertilizer and 
balanced mineral fertilizer application sustain crop production through improvement of soil 
fertility and nutrient use efficiency. Therefore the IPNM and the BPNM are the best 
practices of plant nutrient management to increase crop production per area, to restore soil 
fertility, and to minimize negative effect of nutrient loss on environment. 
5. Conclusion 
Availability of sufficient quantity and effective form of nutrient just on a time at a right ratio 
and even distribution at root zone and canopy surface are the major parameters of nutrient 
management responsible to optimize nutrient uptake and crop yield. Application of organic 
fertilizer (FYM) plus mineral fertilizers as integrated plant nutrient management (IPNM) 
increases crop production per unit area through improvement of nutrient availability. It also 
improves nutrient use efficiency and soil fertility. The approach of IPNM combines 
economic, social, environmental, and soil fertility benefits of the best practice of nutrient 
management. These benefits are the basic criteria to sustain high crop yield per area in order 
to secure physical availability and socio-economic accessibility of food at a family, a local, a 
country, a regional, and global levels. 
The IPNM  is one of  the best practices of plant nutrient management that determines crop 
production potential of a soil in addition to its positive effect on nutrient use efficiency to  
minimize negative impacts of agriculture on quality of environment. It contributes to 
environment protection through reduction of N and P losses and sequestration of carbon in 
the soil organic matter. It reduces imbalances of nutrients; it limits uncertainty of nutrient 
availability;  it minimizes nutrient loss; it enhances soil organic matter content; and it avoids 
degradation of soil fertility. These major positive effects are very important to maximize 
crop yield per area, to improve nutrient use efficiency, and to ensure sustainability of soil 
fertility. 
The highest  crop yield with the approach of the IPNM, in comparison to application of 
organic fertilizer alone (the OPNM), is the result of  improvement of nutrient availability, 
balance, and uptake. The practice of the IPNM can balance rate and ratio of nutrient 
availability at the right growth stages of crop to increase yield per area with environmental 
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responsibility. Increase of crop production per area is needed to sustain physical availability 
and socio-economic ability to access food for humans and feed for animal consumptions. 
Nutrients of organic sources are taken up by plant roots after they are broken down 
(mineralized) into ionic forms. For the crop uptake there is no ionic difference between N, P, 
K, Ca, Mg, S, etc available from mineral and organic fertilizers. Therefore integration of 
mineral with organic fertilizer (the IPNM) is securer than the organic fertilizer alone (the 
OPNM): because  more crop yield and less nutrient loss per hectare has been achieved with 
the IPNM compared to the OPNM.  
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1. Introduction 
The growth and productivity of palms are primarily affected by salinity stress in the arid 
regions apart from drought and heat. The world scenario on salinity problems is critical, 
over 20 percent of the cultivated area and half of the irrigated land in the world is 
encountering salinity stress of different magnitudes. The importance of date palm culture 
for its high nutritive, economic and social values is well recognized, especially in arid and 
semi-arid areas where it plays an important role influencing microclimate in a way that 
enhances the production of other agricultural crops. Worldwide production, utilization and 
industrialization of dates are increasing continuously (Botes and Zaid 2002).  
Different productivity parameters such as germination of seeds, seedling growth, vigor, 
reproductive flushing and fruiting are adversely affected reflecting on optimum production 
and productivity. The basic cause of salinity hazards is enhanced ion toxicity causing 
impaired sequestering of sodium ions into the vacuoles. The increased ionic concentration of 
the soil solution decreases the osmotic potential of the soil creating severe water stress 
derailing the uptake process. This can create imbalance in the absorption process of other 
minerals. In order to achieve salt-tolerance, the foremost task is either to prevent or alleviate 
the damage, or to re-establish homeostatic conditions in the new stressful environment 
(Parida and Das, 2005).  
The date palm growth and production in the arid regions is adversely affected by salinity 
problems apart from other crops like vegetables and fruits (Figures 1 & 2). Date palm is 
considered as the subsistence crop of the Middle East and North Africa. Despite date palms 
outstanding agronomic and socio-economic significance, attempts to use date palm 
biodiversity to screen against salinity tolerance have been limited and therefore of urgent 
priority. Although potential salt tolerant cultivars are available, there is no systematic 
approach to characterize such genotypes employing molecular diagnostic techniques. The 
understanding of the molecular, physiological, biochemical basis and soil factors will be 
helpful in developing selection strategies for improving salinity tolerance. Therefore pooling 
the information through the present review on salt responses in relation to various factors is 
crucial in developing strategies and improving salt tolerant mechanism in date palms. The 
review article covers the different aspects under the various growth stages of date palm, like 
seedling, vegetative phase and reproductive phase. The review also focuses on the use of 
remote sensing technology in date palm responses to salinity.  
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1. Introduction 
The growth and productivity of palms are primarily affected by salinity stress in the arid 
regions apart from drought and heat. The world scenario on salinity problems is critical, 
over 20 percent of the cultivated area and half of the irrigated land in the world is 
encountering salinity stress of different magnitudes. The importance of date palm culture 
for its high nutritive, economic and social values is well recognized, especially in arid and 
semi-arid areas where it plays an important role influencing microclimate in a way that 
enhances the production of other agricultural crops. Worldwide production, utilization and 
industrialization of dates are increasing continuously (Botes and Zaid 2002).  
Different productivity parameters such as germination of seeds, seedling growth, vigor, 
reproductive flushing and fruiting are adversely affected reflecting on optimum production 
and productivity. The basic cause of salinity hazards is enhanced ion toxicity causing 
impaired sequestering of sodium ions into the vacuoles. The increased ionic concentration of 
the soil solution decreases the osmotic potential of the soil creating severe water stress 
derailing the uptake process. This can create imbalance in the absorption process of other 
minerals. In order to achieve salt-tolerance, the foremost task is either to prevent or alleviate 
the damage, or to re-establish homeostatic conditions in the new stressful environment 
(Parida and Das, 2005).  
The date palm growth and production in the arid regions is adversely affected by salinity 
problems apart from other crops like vegetables and fruits (Figures 1 & 2). Date palm is 
considered as the subsistence crop of the Middle East and North Africa. Despite date palms 
outstanding agronomic and socio-economic significance, attempts to use date palm 
biodiversity to screen against salinity tolerance have been limited and therefore of urgent 
priority. Although potential salt tolerant cultivars are available, there is no systematic 
approach to characterize such genotypes employing molecular diagnostic techniques. The 
understanding of the molecular, physiological, biochemical basis and soil factors will be 
helpful in developing selection strategies for improving salinity tolerance. Therefore pooling 
the information through the present review on salt responses in relation to various factors is 
crucial in developing strategies and improving salt tolerant mechanism in date palms. The 
review article covers the different aspects under the various growth stages of date palm, like 
seedling, vegetative phase and reproductive phase. The review also focuses on the use of 
remote sensing technology in date palm responses to salinity.  
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Plate 1. Deterioration of date palm trees due to high level of salinity. 
 
 
Plate 2. Date palm field neglected due to the salinity. 
The aim of this paper is to pool the various aspects of responses of date palm to salinity 
tolerance and to review the existing knowledge in relation to biodiversity useful to 
researchers and developmental agencies, engaged in date palm. The review also facilitates 
interdisciplinary studies to assess the ecological significance of salt stress in relation to date 
palm cultivation. 
2. Background 
Date palm (Phoenix dactylifera L) accounts for more than 1500 cultivars around the world 
(FAO, 2002). In addition to its commercial and nutritional value, the date palm tree has a 
minimum water demand, tolerates harsh weather, and tolerates high levels of salinity 
(Diallo, 2005); in fact, it is more salt tolerant than any other fruit crops (FAO, 1982). There 
are very few trees that can tolerate the desert environment, which is characterized by high 
temperatures, low soil moistures and high salinity levels. Furr (1975) reported that it is 
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obvious that date palm is more salt tolerant than barley and may be the most salt tolerant of 
all crop plants since barley known as one of the most salt-tolerant field crops is usually 
grown in the cool season; in contrast date palms grow faster in hot weather when salinity 
has the most adverse influence on plants. 
On the other hand, increasing of soil salinity is starting to show negative impact on the date 
palm agro-ecosystem in arid region, especially in the Middle East (Dakheel, 2005). Accurate 
information about the growth of date palm in saline environment and the variability in salt 
tolerance among cultivars is largely unknown. A serious attention is needed to maintain the 
diversity and growth of such plant in the arid regions. 
3. Salinity stress and soil response 
Salt-affected soil is a worldwide problem; however, it is more common in arid and semi-arid 
regions because of high evaporation rates and lack of fresh water resources that is required 
to leach salts. As water evaporates from the soil surface, the salts move upward to the soil 
surface but stay within or on the soil (Miller & Donahue, 1990). In many irrigated lands, 
salts occur in the irrigated water leading to accumulation of salts in the soil. The relationship 
between water and soil salinities and date palm production is illustrated in figure 3. 
 
Fig. 3. Relationship between salinity of irrigated water, salinity of soil and production of 
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Plant development will be affected when the soil has high levels of soluble salts, and the salt 
may become concentrated enough to be toxic to plants. Presence of salts on the soil is 
usually associated with osmotic and ionic negative effects, which will then lower the 
biological activity. Furthermore, salts have significant effect on fertility of the soil as well as 
its physical, chemical and biological characteristics (Srour et. al, 2010).   
The approximation of global salt-affected area is 1 billion hectares, which correspond to 
about 7% of the earth’s continental extent or about 20 times the size of a country such as 
France. About 77 million hectares have been salinized as a result of human activities, with 
58% of these concentrated in irrigated lands. Generally speaking, over 40% of irrigated lands 
in the world are subject to different degrees of salinity (Dakheel, 2005). As a consequence of 
increasing population pressure, more arid land will be put into agricultural production in 
future, which means more salinization danger associated with irrigations. 
Soil is a complex system involving interaction between cations on the soil solution with 
other cations on the soil particles exchange site. The role of the cations on the soil solution is 
highly dependent on the pH and the negative charge of soil colloids. The common inorganic 
solutes present in the soil solutions are Na+, Mg2+, Ca2+, K+ , Cl-, SO42-, HCO3-, NO3- and 
CO32-, in addition to boron, selenium, molybdenum, and arsenic that may found in small 
amounts. Plants will show signs of injury and yield reduction when soluble salts exceed 
certain level of concentrations (Essington, 2003).  
Salt-affected soils are classified into three classes, saline, sodic, saline-sodic soils. They differ 
based on their chemistry, morphology, and pH. The United States Salinity Laboratory 
classified salt-affected soils into three classes based on the basis of two criteria, the total 
soluble salt content and the exchangeable sodium percentage (ESP) or sodium adsorption 
ratio (SAR).   
1. Saline Soils: these soils have a saturated paste electrical conductivity (ECe) of 4 dS m-1 or 
more and SAR of <12 (ESP <15%). The pH of these soils, which were formerly referred 
to as white alkali soils, is less than 8.5. Because of a high salt content, these soils reduce 
water uptake by plants, and increase ion toxicity to the plant tissues.  Furthermore, ion 
imbalances may occur in some soils. 
2. Sodic Soils: these soils have an ECe of less than 4 dS m-1, and SAR of 12 or more (ESP ≥ 
15%), and their pH exceeds 8.5.   Exchangeable sodium percentage of 15 means that Na+ 
occupies more than 15 % of the soil’s cation exchange capacity. Formerly, these soils 
were called black alkali because of dispersed black organic matter coatings on peds and 
the soil surface. The most important problems for these soils are poor structure due to 
breakdown of structural units, ion toxicity (mainly Na+ and Cl-), and ion imbalances, 
especially deficiencies in Ca+2, Mg+2, and K+. 
3. Saline-Sodic Soils: these soils have ECe ≥ 4 dS m-1, SAR ≥ 12, and their pH is less than 
8.5. They have similar problems to saline soils, especially reduced water uptake due to 
high soil osmotic potential. 
4. Plant responses to salinity stress 
When plant exposed to low-moderate salinity, it may metabolize normally and does not 
show symptoms of injury. However, more energy is required to maintain normal 
metabolism demand (Gale and Zeroni, 1985), which may cause reduction in growth and 
yield (Subbarao and Johansen, 2010). In most crops, lose of production can be significant 
even before the appearance of foliar injury (Francois and Maas, 2010). 
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In general, salinity can reduce plant growth through osmotic effects, toxicity of ions, 
nutrient uptake imbalance, or a combination of these factors (Karim and Dakheel, 2006; 
Maathuis, 2006). Dynamics observed in juvenile plant water uptake and tree growth 
observed in of juvenile date palms (Phoenix dactylifera L., cv. Medjool) for salinity and boron 
occurring independently and together were summarized by decreased water uptake but not 
ion accumulation for NaCl and CaCl salts and by boron that was accumulated in leaves and 
subsequently was associated with reduced tree size. It is suggested that while mechanisms 
for plant response to salinity are dominated by lowered soil water potential (osmotic stress); 
boron becomes toxic as it accumulates to a threshold level in plant tissue (Trippler et. al, 
2007).  
4.1 Morphological responses  
The excess of salinity in the soil water can cause significant morphological changes in the 
plant growth responses. Morphological parameters like plant height, leaf production, and 
collar girth of different varieties, in the vegetative phase of growth subjected to high salinity 
irrigation showed differential responses. There is a threshold level of salinity that each palm 
can tolerate under the progression of salinity (Kurup et. al, 2009). Effects of salinisation of 
soil on emergence, growth, and physiological attributes of seedlings of the date palm 
showed negative relationship between percentage seed germination and salt concentration 
when a mixture of chlorides and sulfates of Na, K, Ca, and Mg maintained at 4.3, 6.0, 8.2, 
10.5, 12.8, and 14.6 dS m–1. Seedlings did not emerge when soil salinity exceeded 12.8 dS m–1. 
Seedlings survived and grew up to a soil salinity of 12.8 dS m–1 and evidently this species is 
salt tolerant at the seedling stage as well (Ramoliya and Pandey, 2003). Furr and Ream 
(1968) studied the effect of salts ranging between 520 to 24,000 ppm on growth and salt 
uptake of ‘Deglet Noor’ and ‘Medjool’ varieties of date palm. The result of their study was 
that the average growth rate of leaves was depressed as the salinity increased and that the 
decline in the growth was more related to salinity of irrigation water than to salt content of 
the plants. Khudairi (1958) evaluated seed germination of ‘Zahedi’ cultivar grown in three 
NaCl solutions (0.5, 1.0, and 2.0%). He found that NaCl suppressed seed germinations 
during the early stages and the maximum germination did not exceed 50%. He also 
evaluated seeds of the same cultivar on several NaCl concentrations ranging between 0.1% 
and 2.5%. He observed that NaCl concentration below 0.8% did not affect seed germination, 
while the germination sustained in solutions up to 2%. 
Aljuburi (1992) studied the growth of four cultivars of date palms, ‘Lulu,’ ‘Khalas,’ ‘Boman,’ 
and ‘Barhee,’ using four salinity concentrations (0, 0.6, 1.2, and 1.8%). He found that the 
cultivar ‘Lulu’ was more affected by salinity compared to the other cultivars. The research 
done by Hewitt (1963) tested the effect of different salts and salt concentrations on the 
germination of ‘Deglet Noor’ seeds using various combinations of NaCl, calcium chloride 
(CaCl2), sodium sulfate (Na2SO4), NaCl + CaCl2, and NaCl + Na2SO4 with salt’s concentrations 
from 10,000 to more than 30,000 ppm. He indicated that the growth of ‘Deglet Noor’ decreased 
slightly at 10,000 ppm, decreased drastically at 20,000 ppm, and was prevented at 30,000 ppm 
except for three seedlings in NaCl + Na2SO4 34,000 ppm treatment.  
The behavior of mature date palm was studied by Furr and Armstrong (1962). They 
examined the growth of ‘Halawy’ and ‘Medjool’ 17-year-old cultivars using salinities 
ranging between 2,500–15,300 ppm. They found little or no effect on growth rate of leaves, 
yield, size or quality of fruit, or on chloride content of the leaf pinnae. 
 
Crop Production Technologies 172 
Plant development will be affected when the soil has high levels of soluble salts, and the salt 
may become concentrated enough to be toxic to plants. Presence of salts on the soil is 
usually associated with osmotic and ionic negative effects, which will then lower the 
biological activity. Furthermore, salts have significant effect on fertility of the soil as well as 
its physical, chemical and biological characteristics (Srour et. al, 2010).   
The approximation of global salt-affected area is 1 billion hectares, which correspond to 
about 7% of the earth’s continental extent or about 20 times the size of a country such as 
France. About 77 million hectares have been salinized as a result of human activities, with 
58% of these concentrated in irrigated lands. Generally speaking, over 40% of irrigated lands 
in the world are subject to different degrees of salinity (Dakheel, 2005). As a consequence of 
increasing population pressure, more arid land will be put into agricultural production in 
future, which means more salinization danger associated with irrigations. 
Soil is a complex system involving interaction between cations on the soil solution with 
other cations on the soil particles exchange site. The role of the cations on the soil solution is 
highly dependent on the pH and the negative charge of soil colloids. The common inorganic 
solutes present in the soil solutions are Na+, Mg2+, Ca2+, K+ , Cl-, SO42-, HCO3-, NO3- and 
CO32-, in addition to boron, selenium, molybdenum, and arsenic that may found in small 
amounts. Plants will show signs of injury and yield reduction when soluble salts exceed 
certain level of concentrations (Essington, 2003).  
Salt-affected soils are classified into three classes, saline, sodic, saline-sodic soils. They differ 
based on their chemistry, morphology, and pH. The United States Salinity Laboratory 
classified salt-affected soils into three classes based on the basis of two criteria, the total 
soluble salt content and the exchangeable sodium percentage (ESP) or sodium adsorption 
ratio (SAR).   
1. Saline Soils: these soils have a saturated paste electrical conductivity (ECe) of 4 dS m-1 or 
more and SAR of <12 (ESP <15%). The pH of these soils, which were formerly referred 
to as white alkali soils, is less than 8.5. Because of a high salt content, these soils reduce 
water uptake by plants, and increase ion toxicity to the plant tissues.  Furthermore, ion 
imbalances may occur in some soils. 
2. Sodic Soils: these soils have an ECe of less than 4 dS m-1, and SAR of 12 or more (ESP ≥ 
15%), and their pH exceeds 8.5.   Exchangeable sodium percentage of 15 means that Na+ 
occupies more than 15 % of the soil’s cation exchange capacity. Formerly, these soils 
were called black alkali because of dispersed black organic matter coatings on peds and 
the soil surface. The most important problems for these soils are poor structure due to 
breakdown of structural units, ion toxicity (mainly Na+ and Cl-), and ion imbalances, 
especially deficiencies in Ca+2, Mg+2, and K+. 
3. Saline-Sodic Soils: these soils have ECe ≥ 4 dS m-1, SAR ≥ 12, and their pH is less than 
8.5. They have similar problems to saline soils, especially reduced water uptake due to 
high soil osmotic potential. 
4. Plant responses to salinity stress 
When plant exposed to low-moderate salinity, it may metabolize normally and does not 
show symptoms of injury. However, more energy is required to maintain normal 
metabolism demand (Gale and Zeroni, 1985), which may cause reduction in growth and 
yield (Subbarao and Johansen, 2010). In most crops, lose of production can be significant 
even before the appearance of foliar injury (Francois and Maas, 2010). 
 
Impact of Salinity Stress on Date Palm (Phoenix dactylifera L) – A Review 173 
In general, salinity can reduce plant growth through osmotic effects, toxicity of ions, 
nutrient uptake imbalance, or a combination of these factors (Karim and Dakheel, 2006; 
Maathuis, 2006). Dynamics observed in juvenile plant water uptake and tree growth 
observed in of juvenile date palms (Phoenix dactylifera L., cv. Medjool) for salinity and boron 
occurring independently and together were summarized by decreased water uptake but not 
ion accumulation for NaCl and CaCl salts and by boron that was accumulated in leaves and 
subsequently was associated with reduced tree size. It is suggested that while mechanisms 
for plant response to salinity are dominated by lowered soil water potential (osmotic stress); 
boron becomes toxic as it accumulates to a threshold level in plant tissue (Trippler et. al, 
2007).  
4.1 Morphological responses  
The excess of salinity in the soil water can cause significant morphological changes in the 
plant growth responses. Morphological parameters like plant height, leaf production, and 
collar girth of different varieties, in the vegetative phase of growth subjected to high salinity 
irrigation showed differential responses. There is a threshold level of salinity that each palm 
can tolerate under the progression of salinity (Kurup et. al, 2009). Effects of salinisation of 
soil on emergence, growth, and physiological attributes of seedlings of the date palm 
showed negative relationship between percentage seed germination and salt concentration 
when a mixture of chlorides and sulfates of Na, K, Ca, and Mg maintained at 4.3, 6.0, 8.2, 
10.5, 12.8, and 14.6 dS m–1. Seedlings did not emerge when soil salinity exceeded 12.8 dS m–1. 
Seedlings survived and grew up to a soil salinity of 12.8 dS m–1 and evidently this species is 
salt tolerant at the seedling stage as well (Ramoliya and Pandey, 2003). Furr and Ream 
(1968) studied the effect of salts ranging between 520 to 24,000 ppm on growth and salt 
uptake of ‘Deglet Noor’ and ‘Medjool’ varieties of date palm. The result of their study was 
that the average growth rate of leaves was depressed as the salinity increased and that the 
decline in the growth was more related to salinity of irrigation water than to salt content of 
the plants. Khudairi (1958) evaluated seed germination of ‘Zahedi’ cultivar grown in three 
NaCl solutions (0.5, 1.0, and 2.0%). He found that NaCl suppressed seed germinations 
during the early stages and the maximum germination did not exceed 50%. He also 
evaluated seeds of the same cultivar on several NaCl concentrations ranging between 0.1% 
and 2.5%. He observed that NaCl concentration below 0.8% did not affect seed germination, 
while the germination sustained in solutions up to 2%. 
Aljuburi (1992) studied the growth of four cultivars of date palms, ‘Lulu,’ ‘Khalas,’ ‘Boman,’ 
and ‘Barhee,’ using four salinity concentrations (0, 0.6, 1.2, and 1.8%). He found that the 
cultivar ‘Lulu’ was more affected by salinity compared to the other cultivars. The research 
done by Hewitt (1963) tested the effect of different salts and salt concentrations on the 
germination of ‘Deglet Noor’ seeds using various combinations of NaCl, calcium chloride 
(CaCl2), sodium sulfate (Na2SO4), NaCl + CaCl2, and NaCl + Na2SO4 with salt’s concentrations 
from 10,000 to more than 30,000 ppm. He indicated that the growth of ‘Deglet Noor’ decreased 
slightly at 10,000 ppm, decreased drastically at 20,000 ppm, and was prevented at 30,000 ppm 
except for three seedlings in NaCl + Na2SO4 34,000 ppm treatment.  
The behavior of mature date palm was studied by Furr and Armstrong (1962). They 
examined the growth of ‘Halawy’ and ‘Medjool’ 17-year-old cultivars using salinities 
ranging between 2,500–15,300 ppm. They found little or no effect on growth rate of leaves, 
yield, size or quality of fruit, or on chloride content of the leaf pinnae. 
 
Crop Production Technologies 174 
Response of tissue culture plantlets of date palm Khalas variety to marginal saline water 
irrigation at varied frequencies with and without the use of mulch influenced the growth 
factors considerably (Al-Wali et. al, 2011). 
4.2 Physiological and biochemical basis of salt stress 
The physiological basis of salt tolerance in date palm was found as a strict control on Na+ 
and Cl- concentration in leaves and keeping up the K+ content (Alrasbi et. al, 2010). It can be 
recommended that date palm plants of certain varieties can be irrigated with saline water 
during vegetative growth. Youssef and Awad (2008) conducted a study to enhance 
photosynthetic gas exchange in date palm seedlings under salinity stress (subjected to 
seawater treatments at 1-, 15-, and 30- mS cm-1) using a 5-Aminolevulinic Acid-based 
fertilizer. They found that date palm seedlings accumulated significant amounts of Na+ in 
the foliage with increasing salinity, about a threefold increase in the accumulated Na+ 
between the control and 30 mS cm−1 salinity treatment. Electrolyte leakage indicated a 
significant reduction in membrane integrity as salinity increased. A strong linear correlation 
was observed between the chlorophyll (chl) a/b ratio and assimilation rate throughout 
salinity treatments. Salinity did not induce any change in the carboxylation efficiency of the 
rubisco enzyme (Vc,max), or in the rate of electrons supplied by the electron transport 
system for ribulose 1,5-bisphosphate (RuBP) regeneration. 
The physiological basis of salt tolerance in date palm was found to be based on Na and Cl 
concentration in leaves and keeping up the K content. Therefore it can be recommended that 
date palm (seedlings of varieties ‘Khalas’, ‘Khunaizy’ and ‘Abunarinjah’) can be irrigated 
with saline water during vegetative growth. However, a significant decline in growth is 
expected when the EC of irrigation water exceeds 9 dS m-1 that may reach up to 50% with 
water EC 18 dS m-1 (in sandy soil with very good drainage). (Alrasbi et. al, 2010). 
4.3 Molecular basis of salt stress mechanism 
The metabolic adjustments to salt stress at the cellular level are the main focus to molecular 
characterization and identification of a large number of genes induced by salt.  
Salt tolerance is a multigenic trait and a number of genes categorized into different 
functional groups are responsible for encoding salt-stress proteins (Parida and Das, 2005). 
In order to identify salinity tolerant date palms, evaluation of four varieties was conducted 
using fourteen random primers to detect the DNA polymorphism. Randomly amplified 
polymorphic DNA (RAPD) technique was employed to characterize these varieties. Primer 
OPD-02 distinguished Bugal white, which proved to be salinity tolerant, with a DNA 
fragment of about 1200 bp (Kurup et. al, 2009). Sedra et. al, (1998) used RAPD marker 
system as a tool for the identification of date palm cultivars and examined 43 cultivars from 
Morocco.  RAPD markers showed considerable difficulties when characterizing cultivars, 
and these difficulties include mainly low polymorphisms, irreproducibility and lack of 
evident organization. Microsatellite markers have been applied to assess the genetic 
relationships of 45 date palm cultivars for salinity tolerance collected from Sudan and 
Morocco (Elshibli and Korpelainen, 2008). 
Somaclonal variations in tissue culture-derived date palm plants using isoenzyme analysis and 
activities of peroxidase (PER), polyphenol oxidase (POD) and glutamate oxaloacetate (GOT) 
and randomly amplified polymorphic DNA (RAPD) fingerprints were analyzed for salinity. 
The frequency of somaclonal variations was found to be age dependent. Similar isoenzyme 
patterns for PER and GOT were detected in all analyzed plants (Saker et. al, 1999). 
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5. Remote sensing techniques 
The internal status of plants grown in saline environment is not clearly observable particularly 
when dealing with halophytes such as date palm. Response of halophytes to salinity needs 
longer time to be measurable using usual experimental methods. Satellite and digital imagery 
play a considerable function in remote sensing, offering great information about the area 
studied. It has the ability to observe vegetation changes at different periods, which assists in 
the study of vegetation change quickly and precisely (Alhammadi & Glenn, 2008; Howari, 
2003; Jackson, 1986). Several attempts were carried out using various satellite sensors to study 
the date palm responses to salinity (Harris 2001; Alhammadi & Glenn 2008). 
One of the recognized techniques of satellite imaging is to map the vegetation through 
change detection. This technique is commonly used to observe vegetation changes at 
different time periods, providing quick and precise information of the plants condition. 
Since plant is a dynamic component, any vegetation change occur can be detected using a 
comparison of several images from different periods.  
The technique simply depends on the implementation of vegetation indices (VI) obtained 
from multispectral imagery, such as Soil Adjusted Vegetation Index (SAVI) and Normalized 
Difference Vegetation Index (NDVI). Vegetation indices combine the low reflectance in the 
visible region of the electromagnetic spectrum (red) with the high reflectance in the near 
infrared band (NIR). When a correlation between VI and the vegetation biomass is found, 
any decline in the plant pigment or condition can be detected by the difference of the index 
images (Tucker 1979).  
It has been recognized that in the saline environment, the plant excludes the salts from the 
cytoplasm accumulating them outside the cells. Therefore, water moves from the cell to 
outside to accommodate the ion changes causing dehydration of the cell (Volmar et al., 
1998). The NIR reflectance of the electromagnetic spectrum is highly affected by the cellular 
structure of the leaves, while the short wave infrared region is highly affected by the water 
content in the leaves (Gausman et al. 1978; Gausman 1985; Tucker 1980). In healthy active 
vegetation, chlorophyll is a strong absorber in the red region, while the cellular structure is a 
strong reflector in the NIR region. On the other hand, unhealthy vegetation has a lower 
photosynthetic activity causing increase reflectance in the red region and decrease 
reflectance in the NIR region (Weiss et al. 2001). Based on these findings, several studies 
were able to correlate spectral characteristics and vegetation health (Alhammadi and Glenn 
2008; Peñuelas et al. 1997; Wiegand et al. 1992).  
However, date palm tree was not intensively studied with remote sensing due to the special 
characteristics of canopy structure and the variations of the tree spacing (Harris 2001, 
Alhammdi and Glenn 2008, Alhammadi 2010). Alhammadi and Glenn (2008) used two types 
of satellite sensors, Thematic Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+) to 
study the health of date palm trees grown in salt-affected environment. They implemented 
change detection technique from two dates 1987 and 2000 using SAVI, which work more 
with areas of low vegetation cover. They found that a serious decrease in date palm trees 
health was associated with increased salinity levels. Although, the official census data show 
a general increase in agriculture lands, the condition and the production of date palm 
decreased. They recommended using high resolution sensors for future studies due to the 
canopy structure of the palm trees and extent of background soil. In another study, 
Alhammadi (2010) investigated the ability of using high resolution satellite sensor 
(QuickBird) with pixel size of 60 cm to evaluate growth rate of eighteen cultivars of date 
palm trees grown in three salinity levels (5, 10, 15 dS m-1) during years 2003 and 2008. The 
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factors considerably (Al-Wali et. al, 2011). 
4.2 Physiological and biochemical basis of salt stress 
The physiological basis of salt tolerance in date palm was found as a strict control on Na+ 
and Cl- concentration in leaves and keeping up the K+ content (Alrasbi et. al, 2010). It can be 
recommended that date palm plants of certain varieties can be irrigated with saline water 
during vegetative growth. Youssef and Awad (2008) conducted a study to enhance 
photosynthetic gas exchange in date palm seedlings under salinity stress (subjected to 
seawater treatments at 1-, 15-, and 30- mS cm-1) using a 5-Aminolevulinic Acid-based 
fertilizer. They found that date palm seedlings accumulated significant amounts of Na+ in 
the foliage with increasing salinity, about a threefold increase in the accumulated Na+ 
between the control and 30 mS cm−1 salinity treatment. Electrolyte leakage indicated a 
significant reduction in membrane integrity as salinity increased. A strong linear correlation 
was observed between the chlorophyll (chl) a/b ratio and assimilation rate throughout 
salinity treatments. Salinity did not induce any change in the carboxylation efficiency of the 
rubisco enzyme (Vc,max), or in the rate of electrons supplied by the electron transport 
system for ribulose 1,5-bisphosphate (RuBP) regeneration. 
The physiological basis of salt tolerance in date palm was found to be based on Na and Cl 
concentration in leaves and keeping up the K content. Therefore it can be recommended that 
date palm (seedlings of varieties ‘Khalas’, ‘Khunaizy’ and ‘Abunarinjah’) can be irrigated 
with saline water during vegetative growth. However, a significant decline in growth is 
expected when the EC of irrigation water exceeds 9 dS m-1 that may reach up to 50% with 
water EC 18 dS m-1 (in sandy soil with very good drainage). (Alrasbi et. al, 2010). 
4.3 Molecular basis of salt stress mechanism 
The metabolic adjustments to salt stress at the cellular level are the main focus to molecular 
characterization and identification of a large number of genes induced by salt.  
Salt tolerance is a multigenic trait and a number of genes categorized into different 
functional groups are responsible for encoding salt-stress proteins (Parida and Das, 2005). 
In order to identify salinity tolerant date palms, evaluation of four varieties was conducted 
using fourteen random primers to detect the DNA polymorphism. Randomly amplified 
polymorphic DNA (RAPD) technique was employed to characterize these varieties. Primer 
OPD-02 distinguished Bugal white, which proved to be salinity tolerant, with a DNA 
fragment of about 1200 bp (Kurup et. al, 2009). Sedra et. al, (1998) used RAPD marker 
system as a tool for the identification of date palm cultivars and examined 43 cultivars from 
Morocco.  RAPD markers showed considerable difficulties when characterizing cultivars, 
and these difficulties include mainly low polymorphisms, irreproducibility and lack of 
evident organization. Microsatellite markers have been applied to assess the genetic 
relationships of 45 date palm cultivars for salinity tolerance collected from Sudan and 
Morocco (Elshibli and Korpelainen, 2008). 
Somaclonal variations in tissue culture-derived date palm plants using isoenzyme analysis and 
activities of peroxidase (PER), polyphenol oxidase (POD) and glutamate oxaloacetate (GOT) 
and randomly amplified polymorphic DNA (RAPD) fingerprints were analyzed for salinity. 
The frequency of somaclonal variations was found to be age dependent. Similar isoenzyme 
patterns for PER and GOT were detected in all analyzed plants (Saker et. al, 1999). 
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5. Remote sensing techniques 
The internal status of plants grown in saline environment is not clearly observable particularly 
when dealing with halophytes such as date palm. Response of halophytes to salinity needs 
longer time to be measurable using usual experimental methods. Satellite and digital imagery 
play a considerable function in remote sensing, offering great information about the area 
studied. It has the ability to observe vegetation changes at different periods, which assists in 
the study of vegetation change quickly and precisely (Alhammadi & Glenn, 2008; Howari, 
2003; Jackson, 1986). Several attempts were carried out using various satellite sensors to study 
the date palm responses to salinity (Harris 2001; Alhammadi & Glenn 2008). 
One of the recognized techniques of satellite imaging is to map the vegetation through 
change detection. This technique is commonly used to observe vegetation changes at 
different time periods, providing quick and precise information of the plants condition. 
Since plant is a dynamic component, any vegetation change occur can be detected using a 
comparison of several images from different periods.  
The technique simply depends on the implementation of vegetation indices (VI) obtained 
from multispectral imagery, such as Soil Adjusted Vegetation Index (SAVI) and Normalized 
Difference Vegetation Index (NDVI). Vegetation indices combine the low reflectance in the 
visible region of the electromagnetic spectrum (red) with the high reflectance in the near 
infrared band (NIR). When a correlation between VI and the vegetation biomass is found, 
any decline in the plant pigment or condition can be detected by the difference of the index 
images (Tucker 1979).  
It has been recognized that in the saline environment, the plant excludes the salts from the 
cytoplasm accumulating them outside the cells. Therefore, water moves from the cell to 
outside to accommodate the ion changes causing dehydration of the cell (Volmar et al., 
1998). The NIR reflectance of the electromagnetic spectrum is highly affected by the cellular 
structure of the leaves, while the short wave infrared region is highly affected by the water 
content in the leaves (Gausman et al. 1978; Gausman 1985; Tucker 1980). In healthy active 
vegetation, chlorophyll is a strong absorber in the red region, while the cellular structure is a 
strong reflector in the NIR region. On the other hand, unhealthy vegetation has a lower 
photosynthetic activity causing increase reflectance in the red region and decrease 
reflectance in the NIR region (Weiss et al. 2001). Based on these findings, several studies 
were able to correlate spectral characteristics and vegetation health (Alhammadi and Glenn 
2008; Peñuelas et al. 1997; Wiegand et al. 1992).  
However, date palm tree was not intensively studied with remote sensing due to the special 
characteristics of canopy structure and the variations of the tree spacing (Harris 2001, 
Alhammdi and Glenn 2008, Alhammadi 2010). Alhammadi and Glenn (2008) used two types 
of satellite sensors, Thematic Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+) to 
study the health of date palm trees grown in salt-affected environment. They implemented 
change detection technique from two dates 1987 and 2000 using SAVI, which work more 
with areas of low vegetation cover. They found that a serious decrease in date palm trees 
health was associated with increased salinity levels. Although, the official census data show 
a general increase in agriculture lands, the condition and the production of date palm 
decreased. They recommended using high resolution sensors for future studies due to the 
canopy structure of the palm trees and extent of background soil. In another study, 
Alhammadi (2010) investigated the ability of using high resolution satellite sensor 
(QuickBird) with pixel size of 60 cm to evaluate growth rate of eighteen cultivars of date 
palm trees grown in three salinity levels (5, 10, 15 dS m-1) during years 2003 and 2008. The 
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results showed that QuickBird sensor was able to detect significant variations in the growth 
of date palm cultivars at the three salinity levels in year 2008. Furthermore, date palm trees 
health were highest in year 2003 and started to decrease by time. Further investigations are 
needed to develop a consistent correlation between the date palm growth parameters on the 
ground and vegetation indices of satellite images.  
6. Conclusion 
Date palm growth and development with regard to salinity tolerance and use of remote 
sensing diagnostic tools are discussed in the review paper. The paper provides information 
on two major aspects classified as salinity stress in relation to soil and plant response with 
emphasis morphological, physiological, biochemical, and molecular basis of salt tolerance in 
date palm in seedling, vegetative and reproductive phases. In general, salinity can reduce 
plant growth through osmotic effects, toxicity of ions, nutrient uptake imbalance, or a 
combination of these factors. Results of studies indicated that there are differences in salt 
tolerance between date palm cultivars, which appear to be related to the salt exclusion 
mechanisms by the root parts (Greenway and Munns 1980), resulting in reduced Na+ 
translocation to the shoots. Khnaizi, Lulu, Nabtat Safi, and Razez cultivars showed greatest 
growth parameters and Na:K ratios that indicates higher sodium discriminations from plant 
parts than other cultivars. Efforts should be made to compare the relative sensitivity of 
various cultivars to salt, uptake and transport of NaCl and their interactions with nutrients. 
In addition, it is required to identify differences in salinity tolerance between date palm 
cultivars, and thus start new breeding programs to improve salinity tolerance. In order to 
bring arid and semiarid regions into production, future researches should focus on using 
halophytes as an alternative crop and seawater for irrigation. Remote sensing as a tool to 
detect salinity stress should be effectively applied in future date palm development 
programs. 
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results showed that QuickBird sensor was able to detect significant variations in the growth 
of date palm cultivars at the three salinity levels in year 2008. Furthermore, date palm trees 
health were highest in year 2003 and started to decrease by time. Further investigations are 
needed to develop a consistent correlation between the date palm growth parameters on the 
ground and vegetation indices of satellite images.  
6. Conclusion 
Date palm growth and development with regard to salinity tolerance and use of remote 
sensing diagnostic tools are discussed in the review paper. The paper provides information 
on two major aspects classified as salinity stress in relation to soil and plant response with 
emphasis morphological, physiological, biochemical, and molecular basis of salt tolerance in 
date palm in seedling, vegetative and reproductive phases. In general, salinity can reduce 
plant growth through osmotic effects, toxicity of ions, nutrient uptake imbalance, or a 
combination of these factors. Results of studies indicated that there are differences in salt 
tolerance between date palm cultivars, which appear to be related to the salt exclusion 
mechanisms by the root parts (Greenway and Munns 1980), resulting in reduced Na+ 
translocation to the shoots. Khnaizi, Lulu, Nabtat Safi, and Razez cultivars showed greatest 
growth parameters and Na:K ratios that indicates higher sodium discriminations from plant 
parts than other cultivars. Efforts should be made to compare the relative sensitivity of 
various cultivars to salt, uptake and transport of NaCl and their interactions with nutrients. 
In addition, it is required to identify differences in salinity tolerance between date palm 
cultivars, and thus start new breeding programs to improve salinity tolerance. In order to 
bring arid and semiarid regions into production, future researches should focus on using 
halophytes as an alternative crop and seawater for irrigation. Remote sensing as a tool to 
detect salinity stress should be effectively applied in future date palm development 
programs. 
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One of the main environmental impacts of forced systems in horticulture – such as plastic 
covers and soilless culture - is the generation of organic plant residues and substrate waste. 
For example, the surface area of greenhouse cultivated crops in the province of Almeria, in 
southeastern Spain, exceeds 30,000 ha. These generate approximately 1,000,000 tons of solid 
plant waste per year. Greenhouse industry residues cause serious environmental and visual 
pollution, making it necessary to look for new ways to eliminate these plant residues. This 
mass not only acts as a host for pests, microorganisms, rats and insects; it also has other 
harmful environmental effects such as pollution of the soil by toxic elements, effluent runoff, 
and the emission of bad smells. Conway (1996) indicated that an important factor for 
sustainable agriculture in areas using protected systems is the need to eliminate the harvest 
residues of these crops. Controlled composting appears to be an effective method of 
eliminating residues by recycling them. For example, Ozores-Hampton et al. (1999) reported 
that in Florida 1.5 million tons of compost could be produced per year. 
The wastes generateed by intensive agriculture systems are very varied and frequently 
cannot be reused directly. Cara and Ribera (1998) indicated that greenhouses generate 29.1 
tons of vegetable waste per ha and 6-10 tons of substrate remains per year in the province of 
Almería (Spain). A less indiscriminate form of management of these residues, however, 
could turn them into usable products. This would also reduce their environmental impact. 
Callejón et al., 2010 indicated that the assessment of the environmental impact of a potential 
waste treatment plants showed that it would be better to recycle and compost waste than to 
try to obtain energy from it through combustion. This compost can be used as a soil 
conditioner or to improve the structure in degraded soils or those with low organic matter 
content. Another alternative is to reuse these residues, incorporating them as ecologically 
friendly substrates in soilless cultivation in the form of compost.  
Using waste materials, most of them locally produced, as soilless growing media has been 
the subject of an important number of studies, especially as an alternative to peat for 
ornamental potted plants (e.g., Ingelmo et al., 1997; Offord et al., 1998; Lao and Jiménez, 
2004a,b), and less frequently for vegetable production (Shinohara et al., 1999; Ball et al., 
2000) and even for tomato transplant production (Ozores-Hampton et al., 1999). However, it 
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One of the main environmental impacts of forced systems in horticulture – such as plastic 
covers and soilless culture - is the generation of organic plant residues and substrate waste. 
For example, the surface area of greenhouse cultivated crops in the province of Almeria, in 
southeastern Spain, exceeds 30,000 ha. These generate approximately 1,000,000 tons of solid 
plant waste per year. Greenhouse industry residues cause serious environmental and visual 
pollution, making it necessary to look for new ways to eliminate these plant residues. This 
mass not only acts as a host for pests, microorganisms, rats and insects; it also has other 
harmful environmental effects such as pollution of the soil by toxic elements, effluent runoff, 
and the emission of bad smells. Conway (1996) indicated that an important factor for 
sustainable agriculture in areas using protected systems is the need to eliminate the harvest 
residues of these crops. Controlled composting appears to be an effective method of 
eliminating residues by recycling them. For example, Ozores-Hampton et al. (1999) reported 
that in Florida 1.5 million tons of compost could be produced per year. 
The wastes generateed by intensive agriculture systems are very varied and frequently 
cannot be reused directly. Cara and Ribera (1998) indicated that greenhouses generate 29.1 
tons of vegetable waste per ha and 6-10 tons of substrate remains per year in the province of 
Almería (Spain). A less indiscriminate form of management of these residues, however, 
could turn them into usable products. This would also reduce their environmental impact. 
Callejón et al., 2010 indicated that the assessment of the environmental impact of a potential 
waste treatment plants showed that it would be better to recycle and compost waste than to 
try to obtain energy from it through combustion. This compost can be used as a soil 
conditioner or to improve the structure in degraded soils or those with low organic matter 
content. Another alternative is to reuse these residues, incorporating them as ecologically 
friendly substrates in soilless cultivation in the form of compost.  
Using waste materials, most of them locally produced, as soilless growing media has been 
the subject of an important number of studies, especially as an alternative to peat for 
ornamental potted plants (e.g., Ingelmo et al., 1997; Offord et al., 1998; Lao and Jiménez, 
2004a,b), and less frequently for vegetable production (Shinohara et al., 1999; Ball et al., 
2000) and even for tomato transplant production (Ozores-Hampton et al., 1999). However, it 
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has been suggested that certain types of compost alone are unsuitable as growing media due 
to unacceptably high salt and pH content (Spiers and Fietje, 2000), in particular when 
immature, unstable compost is used (Ozores-Hampton et al., 1999). Another disadvantage 
of the use of compost as substrate is that it is a very heterogeneous material and therefore 
needs to be amended so that it can be used as substrate (Urrestarazu et al., 2000; Urrestarazu 
et al., 2001; Urrestarazu et al., 2003; Sanchez-Monedero et al., 2004; Carrión et al., 2005; 
Mazuela et al., 2005; Mazuela et al., 2010)). Once physical-chemical properties were adjusted 
for soilless culture, yield trials proved the suitability of compost as an acceptable soilless 









Fig. 2. New and re-used compost from horticultural waste crops 
 




Fig. 3. Texture and coarseness index in new compost 
 
 
Fig. 4. Melon production using compost as substrate in southeastern Spain  
2. Vegetable waste use as an alternative and friendly substrate 
Many people are keen on the research and development of ecologically friendly substrates. 
Recently it has been demonstrated that these substrates are a perfectly viable alternative to 
other more traditional methods such as rockwool, perlite or hydroponic systems. However, 
in order to be competitive for vegetable production in the Mediterranean region, they must 
be used for at least one year. In recent years there has been an increase in soilless crop 
cultivation in southeast Spain (Almeria, Murcia and Granada) with a current surface area 
estimated at 5,000 ha, using substrates such as rockwool, perlite, sand, coconut fibre and 
other minor types (Urrestarazu and Salas, 2002).  
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Fig. 6. Tomato production using compost as substrate in greenhouse  
Alternative substrates have the advantage of being locally produced, renewable and 
contaminant and disease-free (Salas et al., 2000), and may be less expensive than any other 
traditional growing media used in soilless crop production. Abad et al. (2002) reported that 
coconut coir waste may be used for ornamental crops, and the decision on whether to use it 
as a peat substitute will depend primarily on economic and technical factors, and secondly 
on environmental issues.  
 





Fig. 7. Effect of high salinity on a tomato crop  
Selected characteristics of some alternative substrates are given in Table 1.  
 
 
 C1 AS2 CF3 PF4 RV5 
Bulk density (g cm-3) 0.38 0.40 0.059 0.061 < 0.40 
Real density (g cm-3)  1.40-1.45 1.51 1.46 1.45-2.65 
Coarseness index (%) 62.2 84.2-86.3 34 97.5  
Total pore space (% vol) 80 71-72 96.1 95.8 > 85 
Total water-holding capacity (mL L-1) 388 188-194 523 187 600-1000 
Shrinkage (%) 11.1 10-12.3 14 10 <30 
Organic matter content (% dry wt) 58.5 99 93.8 99 > 80 
pH 7.8-8.0 5.1-5.2 5.71 5.76 5.2-6.3 
Electrical conductivity (dS m-1) 22.2-34.3 2.44-2.70 3.52 0.63 0.75-1.99 
Source: 1Mazuela et al., 2005; 2Urrestarazu et al. 2005a; 3Abad et al., 1997 ; 4Urrestarazu et al., 2006; 
5Abad et al., 1993 
 
Table 1. Selected physical, physical-chemical and chemical properties of alternative 
substrates: compost (C), almond shells (AS), coir fiber (CF), pine fiber (PF) and reference 
value (RV) 
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Fig. 8. Melon transplant production 
2.1 Plant pathogen elimination by composting 
Many studies indicate that the elimination of plant pathogens is possible through 
composting, although for different time periods at different temperatures. High 
temperatures eliminate phytopathogens such as Pythium irregulare, Pythium ultimun (Suárez-
Estrella et al., 2007), Rhizoctonia solani (Hoitink et al., 1976; Christensen et al., 2001; Suárez-
Estrella et al., 2007), Fusarium oxysporum f.sp. melonis (Suárez-Estrella et al., 2003, 2004), 
Xanthomonas campestris pv. Vesicatoria, Erwinia carotovora and Pseudomonas syringae pv. 
syringae (Elorrieta et al., 2003; Suárez-Estrella et al., 2007), and several viruses such as tomato 
spotted wilt virus (TSWV) and pepper mild mottle virus (PMMV) (Suárez-Estrella et al., 
2002). Suárez-Estrella et al. (2003) suggested that composting is therefore a useful method to 
recycle horticultural waste, when it is ensured that all pathogenic bacteria are eliminated in 
the process. 
2.2 Trace metals 
The levels of trace metals in different composts are known to be much higher than in most 
agricultural soils (He et al., 1992), and depend on the origin of the compost. Pinamonti et al. 
(1997) reported that the use of compost from sewage sludge and poplar bark did not cause 
any significant increase in heavy metal levels in soil or plants in the short/medium term; by 
contrast, their experiments clearly demonstrated that the compost from municipal solid 
waste increased concentrations of Zn, Cu, Ni, Pb and Cr in soil, and in the case of Pb and Cd 
also in the vegetation and the fruits. In Spain, as in other European countries such as The 
Netherlands and Italy, the concentrations of some heavy metals are regulated in order to 
guarantee the safe use of compost.  
Heavy metal levels or potentially toxic microelements (Table 2) were below the tolerated 
limits in compost according to both the European (BOE, 1998) and American (US, 1997) 
regulations and the limits established by authors such as Abad et al. (1993) for soilless 
production of vegetables and ornamentals.  
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 Average contents in compost Regulated limits 
Metal USA1 Spain2 Vegetables3 Ornamentals3 Amendment4 USA5 
Zn 503 95.9-179 1000 1500 1100 2800 
Cu 154 37.2-98.5 100 500 450 1500 
Cr 34.8 5.02-11.2 150 200 400 1200 
Pb 215 6.18-9.1 600 1000 300 300 
Ni 24.8 3.6-6.45 50 100 120 420 
Co - 1.29-2.07 50 50 - - 
Cd 2.9 0.11-0.25 5 5 10 39 
Source: 1Epstein et al., 1992; 2Mazuela et al., 2005; 3Abad et al.,1993; 4BOE, 1998, 5US Composting 
Council, 1997 
Table 2. Concentrations of heavy metals (mg kg-1) of compost obtained from horticultural 
crop residues in the United States and Spain and regulated limits 
2.3 Leaching of horticultural greenhouse crop waste for substrate 
Mazuela and Urrestarazu (2009) determined the effect of leaching of compost for substrate 
preparation with two composting processes; C1 compost formed by mixing pepper, bean 
and cucumber waste; and C2, compost formed by melon plant waste. In both cases, sawdust 
was added (1:4 ratio v/v), as a C/N relation conditioner. The composting process was 
described by Suárez-Estrella et al. (2003), who indicated that piles of 2 m3 were turned over 
and aerated periodically after the first 14 days of composting. Electrical conductivity (EC), 
anion content (NO3-, H2PO4-, SO42-, Cl-) and cations (Ca2+, K+, Mg2+, Na+) were determined by 
the saturation extract method (Warncke, 1986).  
Table 3 shows EC values above 21.38 and 11.84, in compost C1 and C2, respectively, likeness 
ratio indicated by McLachlan et al., 2004; Sanchez-Monedero et al., 2004; Mazuela et al., 
2005. These values are higher than the recommended range of 0.75-1.99 reported by Abad et 
al. (1993) as optimum for soilless culture (Table 1). Amendment with leaching 1:6 volumes is 
sufficient to produce acceptable values of EC for horticultural purposes (Sanchez-Monedero 
et al., 2004; Mazuela et al., 2005). 
Soluble salts represent dissolved inorganic ions in the solution and are typically measured 
in terms of electrical conductivity. EC readings and mineral element concentrations of 
composts decreased sharply with leaching and eventually reached acceptable levels despite 
the high initial value of this parameter in the compost. This drop in the EC was parallel to 
that found in the concentrations of soluble mineral elements, mainly SO42-, K+, Cl-, Mg2+, 
Ca2+ and Na+, and showed significant differences for higher levels of elements at the end of 
the experiment independent of the initial values in the composts. Often, soluble salt 
measurements from different studies or laboratories cannot be cross-referenced or there is a 
lot of confusion when comparing the results. Dimambro et al. (2007) and Carrión et al. 
(2005) reported that total salts were higher in mixed waste composts, predominantly due to 
high concentrations of K+, Ca2+, SO42-, and Na+. Nitrates and phosphates in leaching had low 
levels in both composts without significant differences. This suggests that the low levels of 
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2.3 Leaching of horticultural greenhouse crop waste for substrate 
Mazuela and Urrestarazu (2009) determined the effect of leaching of compost for substrate 
preparation with two composting processes; C1 compost formed by mixing pepper, bean 
and cucumber waste; and C2, compost formed by melon plant waste. In both cases, sawdust 
was added (1:4 ratio v/v), as a C/N relation conditioner. The composting process was 
described by Suárez-Estrella et al. (2003), who indicated that piles of 2 m3 were turned over 
and aerated periodically after the first 14 days of composting. Electrical conductivity (EC), 
anion content (NO3-, H2PO4-, SO42-, Cl-) and cations (Ca2+, K+, Mg2+, Na+) were determined by 
the saturation extract method (Warncke, 1986).  
Table 3 shows EC values above 21.38 and 11.84, in compost C1 and C2, respectively, likeness 
ratio indicated by McLachlan et al., 2004; Sanchez-Monedero et al., 2004; Mazuela et al., 
2005. These values are higher than the recommended range of 0.75-1.99 reported by Abad et 
al. (1993) as optimum for soilless culture (Table 1). Amendment with leaching 1:6 volumes is 
sufficient to produce acceptable values of EC for horticultural purposes (Sanchez-Monedero 
et al., 2004; Mazuela et al., 2005). 
Soluble salts represent dissolved inorganic ions in the solution and are typically measured 
in terms of electrical conductivity. EC readings and mineral element concentrations of 
composts decreased sharply with leaching and eventually reached acceptable levels despite 
the high initial value of this parameter in the compost. This drop in the EC was parallel to 
that found in the concentrations of soluble mineral elements, mainly SO42-, K+, Cl-, Mg2+, 
Ca2+ and Na+, and showed significant differences for higher levels of elements at the end of 
the experiment independent of the initial values in the composts. Often, soluble salt 
measurements from different studies or laboratories cannot be cross-referenced or there is a 
lot of confusion when comparing the results. Dimambro et al. (2007) and Carrión et al. 
(2005) reported that total salts were higher in mixed waste composts, predominantly due to 
high concentrations of K+, Ca2+, SO42-, and Na+. Nitrates and phosphates in leaching had low 
levels in both composts without significant differences. This suggests that the low levels of 
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available nitrogen and the chemical binding or adsorption of phosphorus found in the 
composts studied will reduce N and P concentrations in leachates. 
 
   Anions Cations 
sv:wv  EC NO3- H2PO4- SO42- Cl- K+ Na+ Ca2+ Mg2+ 
1:1 C1 21.38 0.97 0.14 191.83 72.53 172.20 22.55 46.00 49.00 
 C2 11.84 8.12 0.98 88.91 17.44 49.80 8.85 25.50 20.56 
  ** ns ns * ** * * ** * 
1:2 C1 10.78 0.25 0.00 128.97 29.15 96.00 10.50 25.50 28.60 
 C2 5.51 5.26 1.25 46.64 4.71 22.20 7.25 16.60 7.94 
  * ns ns ** ** ** ** ns * 
1:6 C1 2.66 1.96 0.09 23.01 2.51 16.60 1.62 5.83 3.95 
 C2 1.95 0.63 0.38 23.92 0.54 6.10 0.76 10.40 3.39 
  * ns ns ns * * * * ns 
1:8 C1 1.59 0.54 0.07 4.59 0.43 3.14 0.46 2.06 1.19 
 C2 0.82 0.08 0.21 19.94 0.03 2.66 0.38 9.53 2.89 
  ** ns ns ** ns ns ns ** ** 
1:10 C1 1.47 0.23 0.08 1.27 0.13 2.10 0.16 1.27 0.86 
 C2 0.36 0.00 0.18 19.13 0.03 2.00 0.28 9.13 2.83 
  ** ns ns ** ns ns ns ** ** 
Values are means of three replicates. 
*, **, ***, ns are P ≤ 0.05, P ≤ 0.01, P ≤ 0.001 and not significant or P > 0.05, respectively. 
Source: Mazuela and Urrestarazu, 2009 
Table 3. Electrical conductivity (dS m-1), anion and cation contents (me L-1) in leaching 
experiments of compost from two horticultural crop residue mixtures (C1, mixing pepper, 
bean and cucumber waste; C2, melon plant waste ) using distilled water in different 
substrate volume: distilled water volume (sv:ws) 
Thus to avoid environmental pollution, special emphasis must be paid to the management 
and treatment of effluents produced when leaching saline composts under commercial 
conditions. The preparatory operation needs about six times the water volume of the 
substrate and should be done inside a composting station, where the lixiviated fertigation is 
controlled. It is recommended to saturate the substrate with the standard nutrient solution 
before draining the bags (Villegas, 2004). 
2.4 Characteristics of compost used as growing media and effects on yield and 
quality in horticultural crops 
Physical properties are the most important characteristics in a new alternative substrate, 
because they do not change when the substrate is in the container. These characteristics 
determine the time and frequency of irrigation. Table 4 shows the particle-size distribution 
of composts and a coarseness index, expressed as the percentage weight of particles with 
Ø > 1 mm (Richards et al., 1986).  
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Particle Sizes (mm)  
<0.125 0.125-0.25 0.25-0.5 0.5-1 1-2 2-4 4-8 8-16 CI 
2.59 6.00 11.88 17.36 36.31 18.14 5.14 2.58 62.2 
Table 4. Texture and particle size distribution of compost originated from horticultural crop 
residues used as soilless growing media (% wt) and coarseness index (CI) 
Texture was very similar to those recommended by Jensen and Collin (1985) for soilless 
vegetable culture. The coarseness index was about 62 %, similar to peat (63 %) and much 
higher than coconut coir waste (35 %) values reported by Noguera et al. (2000). hese values 
easily explain the high wettability of compost (Table 1) according to Bunt (1988). Bulk 
densities were within the limits of the optimal range. Total pore space showed lower than 
optimum levels. The total water-holding capacity of composts did not stay within the 
optimum values (Abad et al., 1993). Shrinkage, wettability and organic matter content 
stayed within the optimum range. 
However, the deficient physical properties were not limiting for crop yield and quality 
(Table 5, Table 6) probably because crops were irrigated according to the physical analysis 
(Table 7) of the substrate, a method tailored to the water transport capabilities of each 
individual substrate (Drzal et al., 1999). The criteria of Smith (1987) and the necessary local 
adjustments (Salas and Urrestarazu, 2001) were adopted in the fertigation management. 
 
 
 Tomato Melon (Galia) 
 cv Josefina1 cv Daniela2 cv Yucatán3 cv Danubio4 
Substrate kg m-2 n° m-2 kg m-2 n° m-2 kg m-2 n° m-2 kg m-2 n° m-2 
CW 6.82 790 4.68 43 6.55 4.97 5.89 5.11 
C 6.00 712 4.75 44 6.05 4.80 5.29 4.63 
Source: 1Urrestarazu et al., 2000; 2Urrestarazu et al., 2003; 3Mazuela et al., 2005; 4Mazuela and 
Urrestarazu, 2009 
 
Table 5. Effect of coconut coir waste (CW) and compost (C) on yield of melon crops. 
 
 Yucatán1 Danubio2 
 F TSS pH DWC F TSS pH DWC 
CW 1.71 12.35 6.26 9.47 2.15 10.45 6.92 7.94 
C 1.56 12.66 6.22 9.61 1.81 10.50 6.67 8.12 
Source: 1Mazuela et al., 2005; 2Mazuela and Urrestarazu, 2009 
 
Table 6. Effect of coconut coir waste (CW) and compost (C) on selected fruit parameters of 
melon crops. 
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1:10 C1 1.47 0.23 0.08 1.27 0.13 2.10 0.16 1.27 0.86 
 C2 0.36 0.00 0.18 19.13 0.03 2.00 0.28 9.13 2.83 
  ** ns ns ** ns ns ns ** ** 
Values are means of three replicates. 
*, **, ***, ns are P ≤ 0.05, P ≤ 0.01, P ≤ 0.001 and not significant or P > 0.05, respectively. 
Source: Mazuela and Urrestarazu, 2009 
Table 3. Electrical conductivity (dS m-1), anion and cation contents (me L-1) in leaching 
experiments of compost from two horticultural crop residue mixtures (C1, mixing pepper, 
bean and cucumber waste; C2, melon plant waste ) using distilled water in different 
substrate volume: distilled water volume (sv:ws) 
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and treatment of effluents produced when leaching saline composts under commercial 
conditions. The preparatory operation needs about six times the water volume of the 
substrate and should be done inside a composting station, where the lixiviated fertigation is 
controlled. It is recommended to saturate the substrate with the standard nutrient solution 
before draining the bags (Villegas, 2004). 
2.4 Characteristics of compost used as growing media and effects on yield and 
quality in horticultural crops 
Physical properties are the most important characteristics in a new alternative substrate, 
because they do not change when the substrate is in the container. These characteristics 
determine the time and frequency of irrigation. Table 4 shows the particle-size distribution 
of composts and a coarseness index, expressed as the percentage weight of particles with 
Ø > 1 mm (Richards et al., 1986).  
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Particle Sizes (mm)  
<0.125 0.125-0.25 0.25-0.5 0.5-1 1-2 2-4 4-8 8-16 CI 
2.59 6.00 11.88 17.36 36.31 18.14 5.14 2.58 62.2 
Table 4. Texture and particle size distribution of compost originated from horticultural crop 
residues used as soilless growing media (% wt) and coarseness index (CI) 
Texture was very similar to those recommended by Jensen and Collin (1985) for soilless 
vegetable culture. The coarseness index was about 62 %, similar to peat (63 %) and much 
higher than coconut coir waste (35 %) values reported by Noguera et al. (2000). hese values 
easily explain the high wettability of compost (Table 1) according to Bunt (1988). Bulk 
densities were within the limits of the optimal range. Total pore space showed lower than 
optimum levels. The total water-holding capacity of composts did not stay within the 
optimum values (Abad et al., 1993). Shrinkage, wettability and organic matter content 
stayed within the optimum range. 
However, the deficient physical properties were not limiting for crop yield and quality 
(Table 5, Table 6) probably because crops were irrigated according to the physical analysis 
(Table 7) of the substrate, a method tailored to the water transport capabilities of each 
individual substrate (Drzal et al., 1999). The criteria of Smith (1987) and the necessary local 
adjustments (Salas and Urrestarazu, 2001) were adopted in the fertigation management. 
 
 
 Tomato Melon (Galia) 
 cv Josefina1 cv Daniela2 cv Yucatán3 cv Danubio4 
Substrate kg m-2 n° m-2 kg m-2 n° m-2 kg m-2 n° m-2 kg m-2 n° m-2 
CW 6.82 790 4.68 43 6.55 4.97 5.89 5.11 
C 6.00 712 4.75 44 6.05 4.80 5.29 4.63 
Source: 1Urrestarazu et al., 2000; 2Urrestarazu et al., 2003; 3Mazuela et al., 2005; 4Mazuela and 
Urrestarazu, 2009 
 
Table 5. Effect of coconut coir waste (CW) and compost (C) on yield of melon crops. 
 
 Yucatán1 Danubio2 
 F TSS pH DWC F TSS pH DWC 
CW 1.71 12.35 6.26 9.47 2.15 10.45 6.92 7.94 
C 1.56 12.66 6.22 9.61 1.81 10.50 6.67 8.12 
Source: 1Mazuela et al., 2005; 2Mazuela and Urrestarazu, 2009 
 
Table 6. Effect of coconut coir waste (CW) and compost (C) on selected fruit parameters of 
melon crops. 
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 Yucatán1 Danubio2 
 Drainage Uptake Drainage Uptake 
 EC pH % L m-2 crop-1 EC pH % L m-2 crop-1 
CW 4.76 5.71 21.41 2852 3.11 6.52 18.39 2049 
C 4.00 7.02 31.72 2433 3.67 7.37 22.63 1943 
P ns ns ns ns ns ns ns ns 
EC: Electric conductivity (dS m-1)  
Source: 1Mazuela et al., 2005; 2Mazuela and Urrestarazu, 2009 
Table 7. Daily mean fertigation parameters and water uptake of melon crops in coconut coir 
waste (CW) and compost (C) 
As part of a correct management procedure, previous acid rinsing and saturation with the 
standard nutrient solution are recommended in order to reduce the compost salinity and 
inadequate pH of the rhizosphere environment (Table 3). Once the physical-chemical 
properties were adjusted for soilless culture, yield trials proved the suitability of the 
compost as an acceptable soilless growing media and as a viable and ecologically-friendly 
alternative to rockwool and coconut coir waste (Table 8). In northern of Chile, Mazuela eta 






Fig. 9. Vegetable waste compost produced with grapes residues from CAPEL, Punitaqui, 
Chile 
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 Yield Quality 
Substrate kg m-2 nº fruit m-2 F (kg) TSS (º Brix) DWC (%) 
Compost 6.05 4.80 1.6 12.7 9.6 
Almond shells 6.52 4.56 2.2 12.5 9.8 
Coir fiber 6.55 5.08 1.7 12.3 10.1 
Pine fiber 6.19 5.12 1.6 11.8 9.9 
Rockwool 6.57 5.00 1.7 11.8 7.4 
F: Firmness; TSS: Total Soluble Solids; DWC: Dry Water Content 
Source: Urrestarazu et al., 2006 
Table 8. Yield and quality in melon crops of alternative substrates: compost, almond shells, 
coir fiber, pine fiber and rockwool 
 
  
 Fertigation Yield Quality 
 EC pH % kg m-2 n° m-2 TSS FF DWC 
GH 2.86 7.51 20.59 3.79 342 8.43 1.11 8.47 
AM 3.05 7.55 22.97 2.93 293 9.20 1.14 9.67 
EC: Electric conductivity (dS m-1); TSS: Total soluble solids (o Brix); FF: Firmness (kg); DWC: Dry weight 
content (%) 
Table 9. Fertigation in drainage parameters, yield and quality in tomato (cherry) crop, in 
northern of Chile in Greenhouse (GH) and antiaphid mesh (AM)  
2.5 Re-used substrate from waste materials 
Recently, it has been demonstrated that the use of some ecologically friendly substrates are 
perfectly viable as alternatives to other more traditional media such as rockwool, perlite or 
hydroponic systems. Almond shell was found to be a viable culture substrate by Lao and 
Jiménez (2004a, b); these researchers used it as a peat substitute for an ornamental crop. 
Urrestarazu. (2008) reported that pure compost can be an acceptable substitute growing 
media for rockwool and coconut coir waste once it is leached and adjusted to physical-
chemical proprieties. o limiting factors in comparison to rockwool were found for tomato 
and melon crops when alternative substrates were used as growing media. 
Rockwool slab, perlite and coconut bag culture are used in southeastern Spain for two or 
three years for vegetable production (García, 2004; Villegas, 2004); consequently, in order to 
be competitive in the market of soilless crops and to have similar commercial opportunity, 
the unit with an alternative substrate must be usable for this time. Urrestarazu et al. (2008) 
showed that re-used alternatives substrates as compost or almond shells did not affect yield 
in melon and tomato crops (Table 10). Because environmental care and economic profit to 
the grower are of paramount importance, it was important to see if this re-use of alternative 
substrate would be viable in Mediterranean conditions.  
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chemical proprieties. o limiting factors in comparison to rockwool were found for tomato 
and melon crops when alternative substrates were used as growing media. 
Rockwool slab, perlite and coconut bag culture are used in southeastern Spain for two or 
three years for vegetable production (García, 2004; Villegas, 2004); consequently, in order to 
be competitive in the market of soilless crops and to have similar commercial opportunity, 
the unit with an alternative substrate must be usable for this time. Urrestarazu et al. (2008) 
showed that re-used alternatives substrates as compost or almond shells did not affect yield 
in melon and tomato crops (Table 10). Because environmental care and economic profit to 
the grower are of paramount importance, it was important to see if this re-use of alternative 
substrate would be viable in Mediterranean conditions.  
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 Melon Galia (cv Aitana) Tomate (cv Pitenza) 
Substrate kg m-2 n° fruits m-2 kg m-2 n° fruits m-2 
New compost 5.1 4.5 7.7 99 
Re-used compost 5.2 5.0 7.8 99 
Source: Urrestarazu et al., 2008 
Table 10. Yield of melon and tomato crops with new and reused compost 
 
 
Fig. 10. Pepper seeds production in Quillota, Chile 
Bulk density is a relevant substrate physical propriety, because this allows easier 
transportation of crop units in the greenhouse industry (Abad et al., 2004). The new 
substrates, before reutilization, were within the limit of optimal range (Urrestarazu et al., 
2005b); in fact, this is the major disadvantage for transport in comparison to other more 
popular substrates such as rockwool and perlite (Mazuela et al., 2005; Urrestarazu et al., 
2005b). 
2.6 Fertigation management and reference values for nutrient dissolution in organic 
substrates 
Part of a correct management procedure for the use of compost as substrate in growing 
media is to saturate the bags with nutrient solution before draining the containers, in order 
to reduce the compost salinity in the rhizosphere environment. Once the electrical 
conductivity level was adjusted for soilless culture, yield trials proved the suitability of 
compost as an acceptable growing medim and this ecologically friendly alternative did not 
affect production, yield or fruit quality of melon and tomato crops. Thus the use of compost 
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in soilless culture is a viable alternative to resolve the environmental problem of vegetable 
waste. 
In the Mediterranean region, the control of soilless vegetable cultivation is commonly 
through measurement of some fertigation parameter ranges in the drainage; pH, electrical 
conductivity and volume percentage (e.g., Villegas, 2004; García, 2004; Urrestarazu et al., 
2005b). Table 11 shows reference values of nutrient dissolution for horticultural crops for 
each substrate. They are measured almost daily and are easier and cheaper than other 
analyses or/and fertigation methods based on nutrient solution content in the substrate 
(Sonneveld and Straver, 1994), which in practice are only used one or two times during the 
crop cycle. Smith (1987) and Urrestarazu et al. (2005a, 2008) suggested that under adjusted 
management of the fertigation according to the different proprieties of the substrate, and 
within certain limits, it is possible to maintain the main parameters used as control for the 
fertigation method. Since in southeastern Spain rockwool (García, 2004) and perlite (García 
et al., 1997) are commonly used for similar lengths of time, it is suggested that alternative 
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  mmol L-1 
Crop Substrate NO3- H2PO4- SO42- NH4+ K+ Ca2+ Mg2+ 
Tomato Rockwool1 10,5 1,5 2,5 0,5 7,0 3,75 1,0 
 Perlite2 12,5 2,0 1,75  5,0 5,0 1,8 
 Organic3 13,0 1,75 1,25 1,0 7,5 4,0 1,25 
Pepper Rockwool4 15,5 1,25 1,75 1,25 6,5 4,75 1,5 
 Perlite5 13,5 1,5 1,35  5,5 4,5 1,5 
 Organic3 13,0 2,0 2,0 1,0 6,0 4,25 2,0 
Melon Organic3 13,0 2,3 2,2 1,0 7,0 4,25 2,2 
Cucumber Rockwool4 16,0 1,25 1,375 1,25 8,0 4,0 1,375 
 Organic3 15,0 1,75 1,25 1,0 7,75 4,00 1,25 
Green Beans Rockwool4 12,5 1,25 1,125 1,0 5,5 3,25 1,25 
 Perlite2 13,5 1,75 1,65  6,0 3,25 1,75 
Source: 1Sonneveld, 1980; 2García and Urrestarazu, 1999; 3Urrestarazu and Mazuela, 2005: 
4Sonneveld and Straver, 1994; 5Escobar, 1993 








Fig. 12. Composting in arids zones, Arica, Chile 
 





Fig. 13. Blueberry production in Arequipa, Peru 
 
 
Fig. 14. Desert lands can be cultivates by soilless culture 
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Once of the main environmental impacts of forced systems in horticulture -such as plastic 
covered and soilless culture- is the generation of organic plant residues and substrate waste. 
Many people are keen on research and development of ecologically friendly substrates. The 
suitability of compost from horticultural residues as a growing medium in vegetable crop 
production is an acceptable substitute for rock wool and coconut coir waste. The unit of 
soilless crop: rockwool slab, perlite and coconut bag culture are used in South eastern Spain 
between two or three years by vegetable production, consequently in order to be 
competitive in the market of soilless crops and to have similar commercial opportunity the 
unit with the alternative substrate must be used during this time. Because the environmental 
care and economic profit to grower is of paramount importance, it was important to see if 
this reuse of alternative substrate would be viable in Mediterranean conditions.. Part of a 
correct management procedure for the use of compost as substrate in growing media is to 
saturate the bags with nutrient solution before draining the containers in order to reduce the 
compost salinity in the rhizosphere environment. Once the electrical conductivity level was 
adjusted for soilless culture, yield trials proved the suitability of the compost as an 
acceptable growing media and this ecologically friendly alternative does not affect 
production, yield and fruit quality of horticultural crops. In conclusion, the use of compost 
in soilless culture is a viable alternative to resolve the environmental problem of vegetable 
waste. 
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1. Introduction  
The recognition of plant growth-promoting rhizobacteria (PGPR) as potentially useful for 
stimulating plant growth and increasing crop yield has evolved over the past years. 
Currently, researchers are able to successfully use them in field experiments. The use of 
PGPR offers an attractive way to supplement or replace chemical fertilizers and pesticides. 
Most of the isolates cause a significant increase in plant height, root length and dry matter 
production of plant shoot and root. Some PGPR, especially if they are inoculated on seeds 
before planting, are able to establish on roots. Also, PGPR can control plant diseases. These 
bacteria are a component of integrated management systems, which use reduced rates of 
agrochemicals. Such systems might be used for transplanted vegetables in order to produce 
more vigorous seedlings that would be tolerant to diseases for at least a few weeks after 
transplanting to the field (Kloepper et al., 2004). Commercial applications of PGPR are being 
tested and are frequently successful. However, a better understanding of the microbial 
interactions that result in plant growth enhancements will greatly increase the success of 
field applications (Burr et al., 1984). 
In the last few years, the number of identified PGPR has been increasing, mainly because the 
role of the rhizosphere as an ecosystem has gained importance in the functioning of the 
biosphere. Several species of bacteria like Pseudomonas, Azospirillum, Azotobacter, Klebsiella, 
Enterobacter, Alcaligenes, Arthrobacter, Burkholderia, Bacillus and Serratia have been reported to 
enhance plant growth. Of these, the genera that are predominantly studied and increasingly 
marketed as biological control agents include Bacillus, Streptomyces and Pseudomonas (Glick, 
1995; Joseph et al., 2007; Kloepper et  al., 1989; Okon & Labandera-González, 1994). 
2. Fluorescent Pseudomonas  
The fluorescent pseudomonads produce a variety of biologically active natural products 
(Budzikiewicz, 1993; Leisinger & Margraff, 1979), many of which have an ecological 
function in these gram-negative bacteria. Some of these natural products contribute to the 
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1. Introduction  
The recognition of plant growth-promoting rhizobacteria (PGPR) as potentially useful for 
stimulating plant growth and increasing crop yield has evolved over the past years. 
Currently, researchers are able to successfully use them in field experiments. The use of 
PGPR offers an attractive way to supplement or replace chemical fertilizers and pesticides. 
Most of the isolates cause a significant increase in plant height, root length and dry matter 
production of plant shoot and root. Some PGPR, especially if they are inoculated on seeds 
before planting, are able to establish on roots. Also, PGPR can control plant diseases. These 
bacteria are a component of integrated management systems, which use reduced rates of 
agrochemicals. Such systems might be used for transplanted vegetables in order to produce 
more vigorous seedlings that would be tolerant to diseases for at least a few weeks after 
transplanting to the field (Kloepper et al., 2004). Commercial applications of PGPR are being 
tested and are frequently successful. However, a better understanding of the microbial 
interactions that result in plant growth enhancements will greatly increase the success of 
field applications (Burr et al., 1984). 
In the last few years, the number of identified PGPR has been increasing, mainly because the 
role of the rhizosphere as an ecosystem has gained importance in the functioning of the 
biosphere. Several species of bacteria like Pseudomonas, Azospirillum, Azotobacter, Klebsiella, 
Enterobacter, Alcaligenes, Arthrobacter, Burkholderia, Bacillus and Serratia have been reported to 
enhance plant growth. Of these, the genera that are predominantly studied and increasingly 
marketed as biological control agents include Bacillus, Streptomyces and Pseudomonas (Glick, 
1995; Joseph et al., 2007; Kloepper et  al., 1989; Okon & Labandera-González, 1994). 
2. Fluorescent Pseudomonas  
The fluorescent pseudomonads produce a variety of biologically active natural products 
(Budzikiewicz, 1993; Leisinger & Margraff, 1979), many of which have an ecological 
function in these gram-negative bacteria. Some of these natural products contribute to the 
 
Crop Production Technologies 
 
200 
suppression of plant-pathogenic fungi (Dowling & O’Gara, 1994; Thomashow, 1996) 
whereas others are important virulence factors against certain plant-pathogenic Pseudomonas 
species (Bender, et al., 1999). Because secondary metabolism significantly contributes to the 
molecular ecology of several Pseudomonas species and has also provided lead compounds 
for crop protection applications, several gene clusters that encode secondary metabolic 
pathways in this genus have been sequenced and characterized. For example, some 
Pseudomonas biosynthetic pathways have functionally combined modular, dissociated, or 
chalcone synthase-like polyketide synthases with adenylating enzymes (pyoluteorin, 
mupirocin, coronatine) or with components of fatty acid synthases (2,4-
diacetylphloroglucinol) (Bender et al., 1999; Guhien et al., 2004). Phenazines are an important 
type of secondary metabolites. Phenazine antibiotics, nitrogen-containing aromatic 
compounds, are especially active against lower fungi and most gram-positive and gram-
negative phytopathogenic bacteria (Chin-A-Woeng et al., 2003). The most studied 
phenazinic substances are: phenazine 1-carboxilic acid, phenazine 1 carboxamide, 
aeruginosin A, pyocyanin, 2-hydroxyphenazine 1-carboxilic acid, 1-hydroxyphenazine 
(Price Whelan et al., 2006; Raajmakers et al., 1997). The phenazine antibiotics complex of P. 
aurantiaca B-162 consists of 1-oxyphenazine, phenazine, and phenazine-1,6 dicarboxylate 
(their common precursor) (Feklistova & Maksimova, 2005). Also, Feklistova & Maksimova 
(2008) reported the production of N-hexanoyl homoserine lactone (HHL) by P. aurantiaca  
B-16.  
Mehnaz et al. (2009) described the characterization of a newly isolated strain, PB-St2, of P. 
aurantiaca and its main secondary metabolites. This strain showed antifungal activity against 
strains of C. falcatum and Fusarium spp., phytopathogens of agricultural significance. Two 
main antibiotics were isolated and identified to be phenazine-1-carboxylic acid and 2-
hydroxyphenazine. In addition, strain PB-St2 produces HHL, a compound that indicates the 
presence of a quorum-sensing mechanism. Quorum sensing is the major mechanism by 
which many bacteria regulate production of antifungal factors. Strain PB-St2 produce 
hydrogen cyanide (HCN) and siderophores as PGPR traits. All of these data suggest that 
PB-St2 could be used as a potential effective biocontrol agent or biofertilizer to decrease the 
incidence of plant diseases and promote plant growth (Mehnaz et al., 2009).  
Liu et al. (2007) detected the production of two main antifungal substances produced by 
Pseudomonas chlororaphis GP72: phenazine-1-carboxylic acid and 2-hydroxyphenazine. This 
strain also produced the quorum-sensing signalling molecules N-butanoyl-L-homoserine 
lactone and N-hexanoyl-L-homoserine lactone. In addition, Ramarathnam & Dilantha 
Fernando (2006) reported that one isolate of P. aurantiaca, termed DF200, tested positive for 
the presence of pyrrolnitrin and phenazine biosynthetic genes. 
Several Pseudomonas strains have already been marketed as commercial biocontrol products, 
such as Cedomon (BioAgri AB, Upsala, Sweden), a seed treatment based on a Pseudomonas 
chlororaphis strain providing protection against seedborne diseases in barley. Similarly, 
Mycolytin is an antifungal biopesticide containing P. aurantiaca M-518 (Omelyanets & 
Melnik, 1987). The genus Pseudomonas is well known for producing metabolites which 
stimulate plant growth and root colonization by beneficial microorganisms. The 
Pseudomonas also synthetize phytohormones and siderophores and solubilize phosphates 
(Mikuriya et al., 2001; Kang et al., 2006; Arshad & Frankernberger 1991; Rosas et al., 2006). 
Pseudomonas aurantiaca S-1 can serve as a natural source of pesticides towards 
phytopathogens like Fusarium oxysporum P1 and Pseudomonas syringae pv. glycinea BIM B-
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280. This strain was able to produce indole acetic acid and siderophores (Mandryk et al., 
2007). 
Feklistova & Maximova (2009) extracted and identified gibberellins synthesized by P. 
aurantiaca B-162 and proposed a new method for selecting bacteria that produce plant 
growth-promoting substances. By NG-mutagenesis and a consequent selection on toxic 
analogues of the gibberellins, regulative analogue-resistant mutants of P. aurantiaca were 
obtained. These were capable of overproducing gibberellic acid (31 mg l-1), that was 2,3 
times in excess of that of the master strain.  
Thus, research on Pseudomonas natural products provides an opportunity to study not only 
the ecological function of secondary metabolism but also the potential diversity found in 
secondary metabolic pathways.  
3. Pseudomonas chlororaphis subsp. aurantiaca SR1 
P. chlororaphis subsp. aurantiaca SR1 (GenBank accession number GU734089) was isolated 
from the rhizosphere of soybean in the area of Río Cuarto, Córdoba, Argentina. It was 
initially classified as P. aurantiaca by using the BIOLOG (Biolog Inc., Hayward, CA) system 
(Rosas et al., 2001) and, more recently, by amplification and sequencing of a partial fragment 
from the 16S rDNA gene. The species Pseudomonas aurantiaca was recently reclassified as P. 
chlororaphis subsp. aurantiaca (Peix et al., 2007).  
Strain SR1 inhibits a wide range of phytopathogenic fungal species including Macrophomina 
phaseolina, Rhizoctonia spp. T11, Fusarium spp., Alternaria spp., Pythium spp., Sclerotinia minor 
and Sclerotium rolfsii (Rosas et al., 2001). It produces siderophores, behaves as an endophyte 
and is capable of promoting plant growth through mechanisms that involve phytohormone-
like substances (Rovera et al., 2008). For instance, SR1 shows the ability to produce indole 3-
acetic acid (IAA). In addition, strain SR1 is able to colonize the root-system of several crops, 
maintaining appropiate population densities in the rhizosphere area (Rosas et al., 2005). SR1 
was also shown to produce signal molecules such as acyl homoserine lactones (AHL's).  
Recently, PCR assays were carried out to detect phlD and phz, genes involved in the 
biosynthesis of 2,4-diacetylphloroglucinol (DAPG) and phenazine-1-carboxylic acid (PCA), 
respectively, in strain SR1 through the use of primers and protocols described by 
Raaijmakers et al. (1997). Also, PCR assays involving the specific primers to detect prnD and 
pltC, genes encoding the production of pyrrolnitrin (PRN) and pyoluteorin (PLT), 
respectively, were performed as described by De Souza & Raaijmakers (2003). On the other 
hand, detection of hcnAB genes (involved in the biosynthesis of HCN synthetase) was 
performed by PCR using the primers PM2-F (5′-TGCGGCATGGGCGCATTGCTGCCTGG-
3′) and PM2-R (5′-CGCTCTTGATCTGCAATTGCAGGC-3′) (Svercel et al., 2007). As a result, 
fragments of the predicted size for PCA, PRN and HCN were amplified from the DNA of 
strain SR1.  
4. Effect of inoculation with strain SR1 on agronomically important crops 
4.1 Wheat (Triticum aestivum L.) 
In these studies, we evaluated the effect of inoculating wheat seeds with strain SR1 on plant 
growth, under field conditions (Carlier et al., 2008; Rosas et al., 2009). Experiments were 
conducted with a complete randomized block design with seven blocks. Each block 
consisted of six plots (one per treatment and each of 7.20 m2). Plots were separated in 
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diacetylphloroglucinol) (Bender et al., 1999; Guhien et al., 2004). Phenazines are an important 
type of secondary metabolites. Phenazine antibiotics, nitrogen-containing aromatic 
compounds, are especially active against lower fungi and most gram-positive and gram-
negative phytopathogenic bacteria (Chin-A-Woeng et al., 2003). The most studied 
phenazinic substances are: phenazine 1-carboxilic acid, phenazine 1 carboxamide, 
aeruginosin A, pyocyanin, 2-hydroxyphenazine 1-carboxilic acid, 1-hydroxyphenazine 
(Price Whelan et al., 2006; Raajmakers et al., 1997). The phenazine antibiotics complex of P. 
aurantiaca B-162 consists of 1-oxyphenazine, phenazine, and phenazine-1,6 dicarboxylate 
(their common precursor) (Feklistova & Maksimova, 2005). Also, Feklistova & Maksimova 
(2008) reported the production of N-hexanoyl homoserine lactone (HHL) by P. aurantiaca  
B-16.  
Mehnaz et al. (2009) described the characterization of a newly isolated strain, PB-St2, of P. 
aurantiaca and its main secondary metabolites. This strain showed antifungal activity against 
strains of C. falcatum and Fusarium spp., phytopathogens of agricultural significance. Two 
main antibiotics were isolated and identified to be phenazine-1-carboxylic acid and 2-
hydroxyphenazine. In addition, strain PB-St2 produces HHL, a compound that indicates the 
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280. This strain was able to produce indole acetic acid and siderophores (Mandryk et al., 
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Feklistova & Maximova (2009) extracted and identified gibberellins synthesized by P. 
aurantiaca B-162 and proposed a new method for selecting bacteria that produce plant 
growth-promoting substances. By NG-mutagenesis and a consequent selection on toxic 
analogues of the gibberellins, regulative analogue-resistant mutants of P. aurantiaca were 
obtained. These were capable of overproducing gibberellic acid (31 mg l-1), that was 2,3 
times in excess of that of the master strain.  
Thus, research on Pseudomonas natural products provides an opportunity to study not only 
the ecological function of secondary metabolism but also the potential diversity found in 
secondary metabolic pathways.  
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initially classified as P. aurantiaca by using the BIOLOG (Biolog Inc., Hayward, CA) system 
(Rosas et al., 2001) and, more recently, by amplification and sequencing of a partial fragment 
from the 16S rDNA gene. The species Pseudomonas aurantiaca was recently reclassified as P. 
chlororaphis subsp. aurantiaca (Peix et al., 2007).  
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and Sclerotium rolfsii (Rosas et al., 2001). It produces siderophores, behaves as an endophyte 
and is capable of promoting plant growth through mechanisms that involve phytohormone-
like substances (Rovera et al., 2008). For instance, SR1 shows the ability to produce indole 3-
acetic acid (IAA). In addition, strain SR1 is able to colonize the root-system of several crops, 
maintaining appropiate population densities in the rhizosphere area (Rosas et al., 2005). SR1 
was also shown to produce signal molecules such as acyl homoserine lactones (AHL's).  
Recently, PCR assays were carried out to detect phlD and phz, genes involved in the 
biosynthesis of 2,4-diacetylphloroglucinol (DAPG) and phenazine-1-carboxylic acid (PCA), 
respectively, in strain SR1 through the use of primers and protocols described by 
Raaijmakers et al. (1997). Also, PCR assays involving the specific primers to detect prnD and 
pltC, genes encoding the production of pyrrolnitrin (PRN) and pyoluteorin (PLT), 
respectively, were performed as described by De Souza & Raaijmakers (2003). On the other 
hand, detection of hcnAB genes (involved in the biosynthesis of HCN synthetase) was 
performed by PCR using the primers PM2-F (5′-TGCGGCATGGGCGCATTGCTGCCTGG-
3′) and PM2-R (5′-CGCTCTTGATCTGCAATTGCAGGC-3′) (Svercel et al., 2007). As a result, 
fragments of the predicted size for PCA, PRN and HCN were amplified from the DNA of 
strain SR1.  
4. Effect of inoculation with strain SR1 on agronomically important crops 
4.1 Wheat (Triticum aestivum L.) 
In these studies, we evaluated the effect of inoculating wheat seeds with strain SR1 on plant 
growth, under field conditions (Carlier et al., 2008; Rosas et al., 2009). Experiments were 
conducted with a complete randomized block design with seven blocks. Each block 
consisted of six plots (one per treatment and each of 7.20 m2). Plots were separated in 
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between by a distance of 1 m. Six rows (separated by 0.20 m) per block were sowed by using 
a plot seed drill. The sowing density was 120 kg ha-1 of seeds. The six treatments were: (1) 
uninoculated seeds in unfertilized soil (control); (2) uninoculated seeds in soil fertilized with 
80 kg ha-1 of urea - 60 kg ha-1 of diammonium phosphate (100% dose); (3) uninoculated 
seeds in soil fertilized with 40 kg ha-1 of urea - 30 kg ha-1 of diammonium phosphate (50% 
dose); (4) seeds inoculated with SR1 in unfertilized soil; (5) seeds inoculated with SR1 in soil 
fertilized with the 100% dose; (6) seeds inoculated with SR1 in soil fertilized with the 50% 
dose. Seeds were inoculated with a formulation manufactured by Laboratorios Biagro S.A. 
containing strain SR1 at 109 CFU g-1 of peat. Briefly, 40 g inoculant, 20 g S2 adherent 
(Laboratorios Biagro S.A.), and 5 g cell protector S1 (Laboratorios Biagro S.A.) were mixed in 80 
ml of water. Then, 12 g of this mixture was added to 1 kg wheat seeds to obtain a colony 
count of 105 CFU g-1 seeds. 
Growth and yield parameters were recorded at the growth stages termed 1.5 (5 leaves), 3.0 
(tillering), and 11.4 (ripe for harvest) (Feekes International Scale—Large 1954). At Feekes 1.5, 
the number of seedlings emerging per m2 was evaluated. At Feekes 1.5 and 3.0, shoot length, 
root length, number of tillers, root volume (cm3), shoot and root dry weight (72 h at 60 ºC) 
were assessed. Yield parameters evaluated were: kg ha-1, weight of 1,000 grains, number of 
spikes per plant, and number of grains per spike. 
Inoculation had no effect on emergence of plants, as compared to control. On the other 
hand, the number of plants per m2 was higher for inoculation treatments than for 
fertilization without inoculation. Increases in mean shoot length (14%) were observed for the 
inoculated/unfertilized treatment and for fertilization with a 50% dose (8%) during Feekes 
1.5, compared to control plants. By comparison, a 60% increase in shoot length, relative to 
control plants, was observed during Feekes 3.0 in plants inoculated and fertilized with a 
100% dose. Plants inoculated with strain SR1 showed increases between 47 and 78% in root 
length during Feekes 1.5 and between 65 and 75% during Feekes 3.0, compared to control. 
Also, root volume significantly increased during Feekes 1.5 after inoculation and 







1.5 3.0 1.5 3.0 
Control 101b 204b 0.9c 2.7b 
Uninoculated seeds in soil fertilized with the 100% 
dose 87b 357a 1.2b 4.2a 
Uninoculated seeds in soil fertilized with the 50% 
dose 159a 235b 1.2b 2.4b 
Seeds inoculated with SR1 in unfertilized soil 160a 339a 1.7a 4.4a 
Seeds inoculated with SR1 in soil fertilized with 
the 100% dose 181a 346a 2.0a 3.9a 
Seeds inoculated with SR1 in soil fertilized with 
the 50% dose 150a 359a 1.6a 3.6a 
Values in each column with different letters are significantly different according to the LSD test (P<0.05) 
Table 1. Root length and root volume of wheat plants during Feekes 1.5 and 3.0 
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All mean values of shoot dry weight from inoculation and/or fertilization treatments were 
higher than those of control plants during Feekes 1.5, but differences were not significant. 
The higher mean value was obtained after inoculating and fertilizing with the 50% dose, 
which increased shoot dry weight by 64 mg when compared to control. Throughout Feekes 
1.5 and Feekes 3.0, root dry weight was significantly increased by inoculation with strain 
SR1 alone, as compared to control (Table 2). In addition, the number of tillers increased 
between 31 and 50 % at Feekes 3.0 in inoculated plants, with or without fertilization, 
compared to control plants.  
 
Treatment 
Dry weight (mg) at 
Feekes 1.5 
Dry weight (mg) at 
Feekes 3.0 
Shoot Root Shoot Root 
Control 198a 80d 790c 326c 
Uninoculated seeds in soil fertilized with 
the 100% dose 217a 128bcd 1,510a 498ab 
Uninoculated seeds in soil fertilized with 
the 50% dose 228a 109cd 1,080bc 377bc 
Seeds inoculated with SR1 in unfertilized 
soil 223a 190a 1,310ab 536a 
Seeds inoculated with SR1 in soil 
fertilized with the 100% dose 252a 183ab 1,310ab 420abc 
Seeds inoculated with SR1 in soil 
fertilized with the 50% dose 262a 156c 1,370ab 512a 
Values in each column with different letters are significantly different according to the LSD test (P<0.05) 
Table 2. Shoot and root dry weight of wheat plants during Feekes 1.5 and 3.0 
When considering the yield parameters, the value of kg ha-1 was significantly higher in 
plants inoculated with SR1 and fertilized with a 50% dose, as compared to control. 
Regarding number of grains per spike, values for inoculation treatments were always higher 
than for control. The highest value was observed after inoculation and fertilization with the 
50% dose (40% more than the control) (Table 3). 
 
Treatment Yield (kg ha-1) 
Number of grains per 
spike 
Control 2,005b 32c 
Uninoculated seeds in soil fertilized with the 
100% dose 2,169ab 39b 
Uninoculated seeds in soil fertilized with the 
50% dose 2,264ab 40b 
Seeds inoculated with SR1 in unfertilized soil 2,249ab 42b 
Seeds inoculated with SR1 in soil fertilized with 
the 100% dose 1,776b 41b 
Seeds inoculated with SR1 in soil fertilized with 
the 50% dose 2,641a 45a 
Values in each column with different letters are significantly different according to the LSD test (P<0.05) 
Table 3. Parameters of wheat yield 
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All mean values of shoot dry weight from inoculation and/or fertilization treatments were 
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which increased shoot dry weight by 64 mg when compared to control. Throughout Feekes 
1.5 and Feekes 3.0, root dry weight was significantly increased by inoculation with strain 
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There are few reports on the contribution of inoculation of wheat seeds with Pseudomonas 
strains for improving plant growth and yield under field conditions. For instance, 
Shaharoona et al. (2007) tested several Pseudomonas spp. strains in the field to determine their 
efficacy to increase growth and yield of this crop plant. Their results revealed that all of the 
strains significantly increased plant height compared to uninoculated control. Strain P. 
fluorescens biotype F caused the maximum increase (16%). This strain also significantly 
increased the number of grains per spike (11.7% more than the uninoculated control). 
Another strain, P. fluorescens biotype G increased the number of tillers per m2 by 9%, 
compared to uninoculated control plants. The maximum increase in 1,000-grain weight was 
recorded with P. fluorescens (ACC50) (34% higher than the uninoculated control). They also 
reported that inoculation with strain P. fluorescens (ACC50) increased grain yield by 39% 
when compared to the uninoculated control.  
4.2 Maize (Zea mays L.) 
The application of a SR1 formulation on maize seeds allowed us to evaluate its effectiveness 
as maize growth promoter in the field (Rosas et al., 2009). For these experiments, plots were 
arranged in a completely randomized design, with four replicates of 156 m2 for each 
treatment. Two treatments were included: 1. Seeds inoculated with strain SR1 and 2. 
Uninoculated seeds. Soil was fertilized with 100 kg ha-1 of diammonium phosphate at the 
sowing time and 100 kg ha-1 of urea during V7-8 stages for both treatments. 
Length and dry weight of shoot were determined during the V2, V5, V13, R3 and R6 
phenological stages. In addition, the following parameters were recorded during the first 
stages (V2 and V5): root length, root surface (Díaz Vargas et al., 2001) and root volume 
(Carley & Watson, 1966). The weight of 1,000 grains and grain yield (kg ha-1) were evaluated 
at the harvest time. 
During V2 and V5, the beneficial effect of inoculation with strain SR1 was evidenced at the 
root system level. Root length increased 28% during V2 and 32% during V5 in inoculated 
plants. Similar results were obtained with root volume (42% and 36%, respectively) and root 
surface (39% and 34%, respectively). Shoot dry weight determinations indicated that 
inoculation with strain SR1 impacted favourably during the whole cycle of the crop. For 
instance, we observed a 22% increase in shoot dry weight during stage R3, as compared to 
control plants. Such beneficial effect was also observed for yield parameters. To illustrate, 
the weight of 1,000 grains and grain yield (kg ha-1) were 11 and 20% higher in inoculated 
plants. 
Egamberdiyeva et al. (2002) reported on the effect of a Pseudomonas fluorescens strain, termed 
PsIA12, and three Pantoea agglomerans strains (370320, 020315 and 050309) on the growth of 
maize in the field. Inoculation with these bacterial strains was found to significantly increase 
the root and shoot growth of maize grown in loamy sand at 16 ºC. Also, K content was 
significantly increased in all treatments. More recently, Naveed et al. (2008) assessed the 
performance of an organic fertilizer and three Pseudomonas strains prepared as bio-fertilizers 
for improving growth and yield of maize in the field. Their results revealed that application 
of bio-fertilizers significantly improved the growth and yield of this crop. Indeed, plant 
height increased between 4 and 9% after inoculation with the bio-fertilizers and only 2% 
after treatment with the organic fertilizer, compared to control. Similarly, they observed that 
total biomass was enhanced between 21 and 39% by bio-fertilizers and 11.4% by the organic 
fertilizer, compared to control plants. The increases obtained for grain yield (t ha-1) were 
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14.2% by the organic fertilizer and between 21 and 30% by treatment with the bio-fertilizers. 
Finally, bio-fertilization caused increases between 14 and 19% in 1,000 grain weight, as 
compared to control plants.  
4.3 Soybean (Glycine max (L.) Merril) 
Treatment of soybean seeds with strain SR1 was studied to determine the effect of 
inoculation on plant growth, under greenhouse conditions. At the present time, soybean is 
the most important oleaginous seed worldwide. In Argentina, soybean cultivation was 
introduced in the 1970’s and it has been characterized by an incredible rate of adoption and 
growth. Indeed, Argentina is one the main exporters of soybean flour (27% of the world 
exports) as well as soybean oil (30% of the world exports) (Penna & Lema, 2002).  
Soybean seeds were inoculated with a peat-based formulation prepared and packed by 
Laboratorios Biagro S.A. containing strain SR1 at 2.4 x 109 CFU g-1 peat. Then, plastic pots 
were filled with sterile soil and 4 inoculated seeds were placed into the soil surface in each 
pot. The four treatments were: (1) uninoculated seeds (control); (2) seeds inoculated with 
strain SR1 at 107 CFU g-1; (3) seeds inoculated with SR1 at 108 CFU g-1; (4) seeds inoculated 
with SR1 at 109 CFU g-1. The inoculant containing 108 and 107 CFU g-1 was obtained by 
diluting the original formulation with sterile peat. Pots were incubated in a greenhouse. 
Shoot and root length as well as shoot and root dry weight (120 h at 60 ºC) was recorded 
from each treatment after 25 days. Pots were arranged in a completely randomized design 
with five replicates per treatment.  
SR1 at 10-9 CFU g-1 enhanced shoot length by 31%, as compared to control plants. There were 
no significant differences in root length. Although there were no significant differences 
among the three inoculation doses for shoot dry weight, the optimum inoculation dose 
proved to be 108 CFU g-1. Compared to control plants, SR1 at 108 CFU g-1 increased shoot 















Control 34.2b 8.1a 430a 140a 
Seeds inoculated with SR1 at 
107 CFU g-1 41.2b 6.3a 500a 160a 
Seeds inoculated with SR1 at 
108 CFU g-1 41.7b 8.5a 660a 160a 
Seeds inoculated with SR1 at 
109 CFU g-1 45.0a 6.6a 420a 110b 
Values in each column with different letters are significantly different according to the Scheffé test 
(P<0.05) 
Table 4. Soybean growth parameters 
In addition, we evaluated strain SR1 for control of Macrophomina phaseolina (Tassi) Goid. in 
soybean, under greenhouse conditions. Macrophomina (the cause of charcoal rot, dry root rot 
and damping-off of many crop plants) is one of the most destructive plant pathogenic 
fungal genera. It prevails in the tropics and sub-tropics, inciting diseases in a wide range of 
hosts (Anjaiah, 2004). Significant yield losses of soybean are reported every year due to 
charcoal rot fungus M. phaseolina (Tassi) Goid. (Senthilkumar et al., 2009). During biocontrol 
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assays, soybean seeds were inoculated with strain SR1 prior to planting into infested soil. 
Growth parameters of soybean plants were recorded after 25 days. Compared to pathogen 
controls, strain SR1, inoculated at 107 CFU g-1, increased shoot and root length by 277 and 
290%, and shoot and root dry weight by 275 and 375%, respectively. Results suggest that 
strain SR1 provides effective control of M. phaseolina and that it might be applied as a 
biological control agent to protect soybean plants from this phytopathogen. 
Wahyudi et al. (2011) isolated Pseudomonas sp. from the rhizosphere of soybean and tested 
them for promotion of seed growth. As a result, they found that two isolates (Crb-44 and 63) 
exhibited promoting activity for all of the measured parameters (length of primary root, 
shoot length and number of lateral roots). Also, they reported that other 15 Pseudomonas 
isolates showed promotion of soybean seed growth at varying degrees. After their 
experiments, they concluded that the Pseudomonas sp. isolates could be applied as inoculants 
of soybean plants because of their excellent growth promotion and biocontrol activities. 
4.4 Alfalfa (Medicago sativa L.) 
Finally, we also studied strain SR1 in co-inoculation with Sinorhizobium meliloti strain 
3DOh13 to determine their effects on nodulation and growth of alfalfa plants (Rovera et al., 
2008). In our studies, both SR1 and S. meliloti strain 3DOh13 were cultured on tryptic soy 
broth (TSB) medium at 28 ± 1 ºC. Their optical cell densities were 0.22 and 0.36 at 600 nm 
(OD600), which corresponded to approximately 4.5 x 108 CFU ml-1 and 6.8 × 108 CFU ml-1 for 
SR1 and S. meliloti 3DOh13, respectively. The inoculant was prepared by mixing strain SR1 
and S. meliloti 3DOh13 in a 1:1 ratio (v v-1). The optical cell density at 600 nm (OD600) was 
0.25, which corresponded to approximately 6.6 × 108 CFU ml-1 of S. meliloti 3DOh13 and 6.3 
× 108 CFU ml-1 of SR1. One gram of sterilized seeds was inoculated with the mixed bacterial 
suspension.  
SR1, when inoculated alone, stimulated shoot and root length of alfalfa by 82 and 57%, 
respectively, compared to control plants. Co-inoculation of strain SR1 and S. meliloti 3DOh13 
stimulated shoot and root length of alfalfa by 140 and 96%, respectively, as compared to 
control. Additionally, co-inoculation of alfalfa seeds with strain SR1 and S. meliloti 3DOh13 
caused a significant increase in dry weight of shoot and root (Table 5). Finally, co-
inoculation significantly enhanced nodulation and total N content, compared to inoculation 
with S. meliloti 3DOh13 alone or uninoculated control.  
 
Treatment Shoot lenght (cm) 








Control 3.4c 7.5c 4c 4c 
N2 Control   5.3c 9.7c 5c 5b 
S. meliloti 
3DOh13 7.0a 13.2b 26a 9b 
P. aurantiaca SR1 6.2b 11.8b 19b 3c 
Co-inoculation 8.2a 14.7a 29a 14a 
Means with different letters in the same column differ significantly at P ≤ 0.05 (Bonferroni test) 
Table 5. Effect of co-inoculation with P. aurantiaca SR1 and S. meliloti 3DOh13 on alfalfa 
growth  
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Ogata et al. (2008) sampled strains of Pseudomonas sp, Rhizobium sp, Bradyrhizobium sp, 
Azotobacter sp and actinomycetes from the rizosphere of the tara tree (Caesalpinia spinosa) 
and used them as seed inoculants for alfalfa, tara and bean (Phaseolus lunatus var. Sieva, 
Phaseolus vulgaris var. Camanejo and var. Caraota) to study the effects of these 
microorganisms on seed germination. A Rhizobium strain (rP2N3) significantly increased the 
germination percentage of alfalfa (154.9%) when compared to the control without 
inoculation. However, strain Pseudomonas spp. ps52b increased the germination percentage 
of alfalfa by 83.4%. These authors concluded that increase in germination percentage as well 
as production of IAA and phosphate solubilization by these bacteria outlines their potential 
as microbial inoculants for alfalfa, tara and bean.  
5. Conclusions 
Pseudomonas chlororaphis subsp. aurantiaca SR1 colonized the root system of the studied 
crops, persisted at appropriate population densities in the rhizosphere area and showed a 
significant plant growth-promoting effect that was reflected in the yield. In general, the 
promoting effect on growth parameters was observed throughout all of the phenological 
stages of the crops. A relevant finding was that wheat plants, after inoculation with SR1, 
presented higher yields with fertilization doses lower than those conventionally applied. 
This outlined the potential use of SR1 as a reasonable alternative for wheat production, with 
a minimization of negative environmental impacts.  
In addition, maize yield values, expressed as weight of 1,000 grains, showed an 11% increase 
and were similar to others studies. Strain SR1 behaved as a nodulation-promoting 
rhizobacterium in alfalfa and soybean and was isolated as endophyte from both these crops.  
Strain SR1 mobilizes nutrients and produces IAA, PCA, PRN and HCN. These compounds 
might be contributing to the observed increase in growth parameters. 
Our group’s current goals are (1) to evaluate the influence of root exudates from different 
plant species on the expression of secondary metabolites in strain SR1 and (2) to determine 
SR1’s effects on different plants under water and salinity stress conditions for being able to 
extend Argentina’s cultivation areas.  
Currently, a commercial formulation containing strain SR1, termed Liquid PSA, is registered 
with the Argentina’s National Service for Agricultural Health (SENASA) for wheat growth 
promotion. Liquid PSA is produced by Laboratorios Biagro S.A. 
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1. Introduction 
Organic farming is a form of agriculture which excludes the use of synthetic fertilizers, 
pesticides and plant growth regulators. The system also seeks to maintain the fertility 
demands of various crops to avoid excessive depletion of soil nutrients. Organic scientists 
and farmers in Africa, therefore deliberately integrates the age-long traditional organic 
system to enable a holistic development of the organic sector that would make use of the 
locally available resources, drawing from the pragmatic experiential knowledge of the 
farmers thereby making it highly relevant and acceptable to the majority of Africa. 
According to Parrot, Ssekyyew, Makunike, and Ntambi (2006), farmers have often resisted 
“Green revolution” viewing them not only as unsuitable but also risky and inaccessible. The 
concept of organic farming practices refers to the farm as an organism in which all the 
component parts (the soil minerals, plants, organic matter, micro-organisms, insects, 
animals including humans) interact to create a coherent and stable whole. Organic farming 
combines scientific knowledge of ecology and modern technology with traditional farming 
practices based on naturally occurring biological processes. Organic farming is based on 
ecological processes; knowledge of the agro-ecosystem is thus a pre-requisite to any organic 
farm. To this end, farmers with a traditional knowledge base are potentially better able to 
develop ecological processes. Traditional knowledge is not just a system for the present, but 
a source of institutional memory about what practices have worked best over time. Such 
knowledge has been described as a “reservoir of adaptations”; a whole set of practices that 
may be used again if the need arises (FAO, 2008).  
Organic farming provides basis for maintaining environmental goods and services at the 
farm and landscape level. According to FAO, (2008), organic agriculture provides 
environmental goods and services. It promotes ecological resilience, improved biodiversity, 
healthy management of farms and the surrounding environment, and builds on community 
knowledge and strength. Hence, organic farming has been proved to be effective for 
enhanced adaptive capacity of farmers’ socio-economic factors which necessitates social 
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1. Introduction 
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system to enable a holistic development of the organic sector that would make use of the 
locally available resources, drawing from the pragmatic experiential knowledge of the 
farmers thereby making it highly relevant and acceptable to the majority of Africa. 
According to Parrot, Ssekyyew, Makunike, and Ntambi (2006), farmers have often resisted 
“Green revolution” viewing them not only as unsuitable but also risky and inaccessible. The 
concept of organic farming practices refers to the farm as an organism in which all the 
component parts (the soil minerals, plants, organic matter, micro-organisms, insects, 
animals including humans) interact to create a coherent and stable whole. Organic farming 
combines scientific knowledge of ecology and modern technology with traditional farming 
practices based on naturally occurring biological processes. Organic farming is based on 
ecological processes; knowledge of the agro-ecosystem is thus a pre-requisite to any organic 
farm. To this end, farmers with a traditional knowledge base are potentially better able to 
develop ecological processes. Traditional knowledge is not just a system for the present, but 
a source of institutional memory about what practices have worked best over time. Such 
knowledge has been described as a “reservoir of adaptations”; a whole set of practices that 
may be used again if the need arises (FAO, 2008).  
Organic farming provides basis for maintaining environmental goods and services at the 
farm and landscape level. According to FAO, (2008), organic agriculture provides 
environmental goods and services. It promotes ecological resilience, improved biodiversity, 
healthy management of farms and the surrounding environment, and builds on community 
knowledge and strength. Hence, organic farming has been proved to be effective for 
enhanced adaptive capacity of farmers’ socio-economic factors which necessitates social 
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changes that are sometimes unacceptable to the local community. This might be successful 
in some communities but not in others; no doubt these factors include age, gender, farmers 
household size, educational status, farm size, level of personal income, membership of co-
operatives, access to credit, number of extension contacts, policy problems and prospects, 
poverty, closeness to markets infrastructural facilities provided such as roads, electricity, 
housing, schools, clinics, potable water. Gender plays a role in organic farming practices, 
despite the fact that women participate more than men in agriculture in developing world, 
they remain more malnourished and less economically empowered because of the past, 
generally development assistance failed to reach women in rural areas. 
Kang (2007) explains that today mainstreaming of gender of all levels in the agricultural 
sector is actively being done in order to address the issue of gender disparities. Mgbada 
(2000), Rahman and Usman (2004), and Ibrahim et al (2000), noted that rural women 
contribute two thirds of the labor force spent in agricultural production and marketing by 
producing up to 60-80% of food and other products in Nigeria and Africa at large. Adu, 
Famiyide, Adejoba, Ojo, Thomas, and Adebayo (2003), claimed that majority of rural 
women took active part in agricultural production, in addition to their domestic activities 
women should be encouraged when it comes to farming since they are responsible for small 
scale agriculture farm labor force and day-to-day family sustenance. This implies if women 
are well empowered in terms of organic farming practices, this will help to reduce scarcity 
of food and poverty level in the country. Poverty, does not only affect organic farming but 
the rural people in developing counties, and when the people are affected the production 
system is also affected. Ekong (2003), sees poverty as not only an expression of life 
condition, but a state of mind and preparation of self in the complex web of social relations. 
The high poverty level in Nigeria is ironic given the vast human materials and natural 
resources present in the country. Interestingly, this is why the country was placed among 
the poorest nations.  
Benefits of Organic Farming Practices 
Organic farming is beneficial in agriculture because it provides basis for healthy foods and 
healthy living. Organic agriculture reduces external inputs by controlling pests and diseases 
naturally, with both traditional and modern methods, increasing both agricultural yields 
and disease resistance. Organic farming practices enhance soil structures, conserve water 
and ensure sustained biodiversity. Through its holistic nature, organic farming integrates 
agro-biodiversity and soil conservation, and takes low intensity farming one step further by 
eliminating the use of chemical fertilizers, pesticides and genetically modified organism, 
which is not only an improvement for human health and agro biodiversity, but also for the 
associated off farm communities. According to Food and Agriculture Organization (FAO, 
2008), organic agriculture promotes ecological resilience, improved biodiversity, healthy 
management, off-farms and the surrounding environment, and building on community 
knowledge and strength. 
Despite the fact that much progress has been made, problems resulting from pests and 
diseases are still a major reason for lower yields but this problem could be addressed 
through plant breeding efforts under the special conditions of organic farming practices. 
Organic agriculture seeks to utilize those advances for consistent yield benefits (new 
varieties of crops, agricultural technologies, more efficient machinery) while discarding 
those methods that have impacted negatively on the society. Rod (1990), stated that 
sustainable agriculture systems rely more on crop rotation, crop residues, animal manures, 
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legumes, green manures, off-farm organic waste, appropriate mechanized cultivation or 
minimal tillage to optimize soil biological control activities and thereby maintain soil 
fertility and crop fertility and crop productivity. According to Wikipedia (2007), organic 
farming technology relies on agronomic biological and mechanical method. This will help in 
environmental awareness and concern increase amongst the general population thereby 
enhancing inputs and sciences upon food because when technology and mechanical method 
has taken over it will take away some drudgery that which would have been a hindrance to 
increase in productivity. 
Organic farming is beneficial when it comes to fauna and floral due to, in terms of its floral 
activities it helps to improve the soil fertility and this in turn increases the yield in crops 
while in fauna it is essential in the world of wildlife especially our livestock because most of 
our cattle’s emits methane and we mostly produce them for its milk and meat, but with 
organic farming there is tendency for the grass which they feed on to grow all season of the 
year, this is to enable these livestock to still be in there physical health condition. Stolze 
(2000) reported that organic farming clearly performs better than conventional farming in 
respect to floral and fauna diversity, however it direct measure for wildlife and biotype 
conservation. Rigby and Caceres (2001), noted that in terms of soil, it is concluded that 
organic farming tends to conserve soil fertility and system stability. By conserving its soil 
fertility it will help the farmer to increase the humus content of the soil which will in turn 
improve the physical properties of the soil and support the life of micro-organism in the soil, 
which will help in increasing the pore spaces in the soil thereby improving drainage that 
aids to the stability of the soil structures and components. 
Adoption of Organic Farming Practices 
Rogers (1995), stated that the adoption of innovation is related to innovation decision 
process through which an individual passes from first knowledge of an innovation, to 
forming an attitudes towards the innovation, deciding to adopt or reject the innovation, 
implementing the new ideas, and confirming the innovation decision. This implies that 
organic farming can only be accepted by rural farmers when they have passed through the 
innovation to decision process and these farmers have picked interest concerning this 
because, when a farmer picks interest, he tends to seek for more information on his own and 
when this happens adoption can take place. Adoption models are generally based on the 
theory that farmers make decisions in order to maximize hand, farmers utility depends on 
optimizing the productivity and minimizing the cost of cultivation to attain maximum 
profits. Feder (1985), stated that farmers adopt or practice new technologies when they 
expect a more profitable outcome that is gained from the existing technology. 
Optimizing this utility may also include considerations such as health benefits, 
environmental concerns, food security and risk (Napier, 2000). They further put explains 
that for an individual to go into adoption when it comes to organic farming he first wants to 
know if his health is at risk by finding out if the organic practice will be harmful to his crop 
and in turn becomes poisonous to human, and he will also consider that if he is using his 
farm for mixed cropping will organic farming practice enhance the growth of one plant and 
kill others or will the advantages be greater than the disadvantages before the farmers can 
finally adopt. The adoption of an innovation can be measured as the extent of its use, 
producing a continuous dependent variable, or simply the use of the innovation, with 
organic farming adoption defined as growing crops using organic method of cultivation. 
Adesina and Zinnah (2003) emphasized the impact of farmers perceptions on innovation 
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changes that are sometimes unacceptable to the local community. This might be successful 
in some communities but not in others; no doubt these factors include age, gender, farmers 
household size, educational status, farm size, level of personal income, membership of co-
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housing, schools, clinics, potable water. Gender plays a role in organic farming practices, 
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agro-biodiversity and soil conservation, and takes low intensity farming one step further by 
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fertility and crop fertility and crop productivity. According to Wikipedia (2007), organic 
farming technology relies on agronomic biological and mechanical method. This will help in 
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farm for mixed cropping will organic farming practice enhance the growth of one plant and 
kill others or will the advantages be greater than the disadvantages before the farmers can 
finally adopt. The adoption of an innovation can be measured as the extent of its use, 
producing a continuous dependent variable, or simply the use of the innovation, with 
organic farming adoption defined as growing crops using organic method of cultivation. 
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related characteristics in measuring adoption. In this study organic farming practices, 
adoption was described as a mental process, farmers go through a stage or some stages of 
being aware or knowledgeable of organic farming related technology, to forming positive or 
negative perception towards organic farming and ultimately decide weather to adopt or not. 
This process can be influenced by a wide variety of factors, including household factors 
(socio-economic, resource base), community factors (access to extension, market, credit) and 
perception towards organic farming. Rogers (2003), reviews that diffusion theory provides a 
model for the diffusion-innovation process, which extension professionals as change agents 
can use as a media which will attract innovators and early adopters. According to Rogers 
(2003), the five important attributes of innovation related to an individual’s attitude toward 
an innovation and whose stage in the innovation decision process summarized by Rogers 
are relative advantage, compatibility, complexity, observable and trial. 
When all these attributes are put together with the guide of an extension agent it enhances 
or speeds up adoption and farmers will be willing to adopt despite the formal mindset the 
farmer had towards adoption. The perceived attributes of an innovation would vary 
according to individuals different personal characteristics (age, communication channels). 
Perception about these attributes of innovation will influence adoption behavior. Based on 
adoption, Rogers (2003), divided innovation adopters into five category; innovators, early 
adopters, early majority, late majority and laggards. Each category of adopters has different 
characteristics according to their socio-economic status, personality values, and 
communication behavior. This implies that how the extension service tends to communicate 
with the farmers because, when you communicate wrongly to the farmers there is the 
tendency of message misinterpretation and this will affect adoption. Rogers (2003), defined 
interpersonal delivery method as a face-to-face exchange between individuals. This explains 
that the extension services can speak to the farmer based on face-to-face contact were if the 
farmer has difficulty in any of the stages he can share with the extension agent and the 
correction will be made. 
The main objective of the study was effect of socio-economic characteristics of farmers on 
their adoption of organic farming practices. Specifically, the study describes the socio-
demographic characteristics of the respondents, determine the level of adoption of organic 
farming practices, determine the perceived benefits of using organic farming practices 
among respondents and determine the relationship between socio-economic characteristics 
of farmers and their adoption of organic farming practices.  
2. Methodology 
The study was carried out in Rivers State in Niger Delta, Nigeria. The sampling frame 
consisted of a list of farmers obtained from the Rivers State Agricultural Development 
Programme, the sole agency of Agricultural Extension activities in the State. A structured 
questionnaire was administered to 90 randomly selected farmers from the study area. Data 
analysis was by the use of frequency, mean, percentage, and Pearson correlation.  
In order to measure the level of adoption (dependent variable), 14 items (organic farming 
practices) were presented to the respondents based on a 7-point scale of Not aware (NA) = 1, 
Aware (A) = 2, Interest (I) = 3, Evaluation (E) = 4, Trial (T) = 5, Adoption (A) = 6, 
Discontinuance (Discont) = 7. The independent variables (socio-economic characteristics) 
were analyzed thus; Gender (Male = 1, Female = 2); Age of farmers (years); Highest 
educational qualification (No formal education=1, Adult education=2, Primary=3, 
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Secondary=4, Tertiary=5). Household size (number of persons in a household); Extension 
visit (Yes =1, No = 2); Membership of cooperatives societies (Yes =1, No =2); Farming 
experience (years); Marital status (Single =1, Married = 2); Sources of information 
(friends/relatives/neighbor =1, Extension agent =2, Radio=3, Television=4, Newspaper=5, 
others =6)  
3. Results and discussion 
Table 1 shows that 34.4% of the farmers were male, while 65.6% were female. From the table 
it is obvious that majority of the respondents are females. Also, 14.4% of the farmers were 
between the ages of 31and 40 years old, 36.7% were between 41 and 50 years, 26.7% were 
between 51 and 60 years, while 22.2% were 61 years and above. The findings revealed that, a 
significant proportion of the farmers were between 41 and 50 years indicating that the 
farmers were mainly middle aged who are in their economically active stage and as such, 
can undergo the stress and this has implication for productivity of the farmers. 
The result from the Table 1 shows that 26.7% of the farmers had no formal education, 33.3% 
had adult education, 22.2% of the farmers had primary education while 6.7% of the farmers 
attained primary education and 11.1% received tertiary education. The findings show that 
the a higher proportion of the respondents had adult education qualification (33.3%). 
Findings show that a reasonable percentage (48.9%) of the farmers had 6 to 10 members in 
their households. About 32.2% of the farmers were single, while 67.8% of the farmers were 
married. It was also found that 32.2% of the farmers were members of cooperative societies 
while 67.8% were not. Since majority were not members of cooperative societies, their access 
to farm resources like agro-inputs, credits and even extension contact might be lean and this 
would not encourage adoption. 
Findings showed that 56.7% of the respondents had 6 to 10 years farming experience, 42.2% 
have been visited by extension agents, while 57.8% were not visited by extension agents. 
This is not too good because visit or contact with extension provides opportunity for 
transfer of skill, knowledge and information which facilitate adoption. 
About 44.4% of the farmers know about organic farming practices through 
friends/relatives/ neighbors, 27.8% of the farmers know about the practice through 
extension visit, 7.8% of the farmers got to know about the practice through radio, 4.4% got 
the information through television, while 7.8% of the farmers got to know about organic 
farming through the newspaper.  
 
Variables     Frequency  Percentage 
Gender 
Male      31   34.4 
Female      59   65.6 
Age (Years) 
31-40      13   14.4 
41-50      33   36.7 
51-60      24   26.7 
61 and above     20   22.2 
Highest Educational Qualification  
No formal education    24   26.7 
Adult education     30   33.3 
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being aware or knowledgeable of organic farming related technology, to forming positive or 
negative perception towards organic farming and ultimately decide weather to adopt or not. 
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(socio-economic, resource base), community factors (access to extension, market, credit) and 
perception towards organic farming. Rogers (2003), reviews that diffusion theory provides a 
model for the diffusion-innovation process, which extension professionals as change agents 
can use as a media which will attract innovators and early adopters. According to Rogers 
(2003), the five important attributes of innovation related to an individual’s attitude toward 
an innovation and whose stage in the innovation decision process summarized by Rogers 
are relative advantage, compatibility, complexity, observable and trial. 
When all these attributes are put together with the guide of an extension agent it enhances 
or speeds up adoption and farmers will be willing to adopt despite the formal mindset the 
farmer had towards adoption. The perceived attributes of an innovation would vary 
according to individuals different personal characteristics (age, communication channels). 
Perception about these attributes of innovation will influence adoption behavior. Based on 
adoption, Rogers (2003), divided innovation adopters into five category; innovators, early 
adopters, early majority, late majority and laggards. Each category of adopters has different 
characteristics according to their socio-economic status, personality values, and 
communication behavior. This implies that how the extension service tends to communicate 
with the farmers because, when you communicate wrongly to the farmers there is the 
tendency of message misinterpretation and this will affect adoption. Rogers (2003), defined 
interpersonal delivery method as a face-to-face exchange between individuals. This explains 
that the extension services can speak to the farmer based on face-to-face contact were if the 
farmer has difficulty in any of the stages he can share with the extension agent and the 
correction will be made. 
The main objective of the study was effect of socio-economic characteristics of farmers on 
their adoption of organic farming practices. Specifically, the study describes the socio-
demographic characteristics of the respondents, determine the level of adoption of organic 
farming practices, determine the perceived benefits of using organic farming practices 
among respondents and determine the relationship between socio-economic characteristics 
of farmers and their adoption of organic farming practices.  
2. Methodology 
The study was carried out in Rivers State in Niger Delta, Nigeria. The sampling frame 
consisted of a list of farmers obtained from the Rivers State Agricultural Development 
Programme, the sole agency of Agricultural Extension activities in the State. A structured 
questionnaire was administered to 90 randomly selected farmers from the study area. Data 
analysis was by the use of frequency, mean, percentage, and Pearson correlation.  
In order to measure the level of adoption (dependent variable), 14 items (organic farming 
practices) were presented to the respondents based on a 7-point scale of Not aware (NA) = 1, 
Aware (A) = 2, Interest (I) = 3, Evaluation (E) = 4, Trial (T) = 5, Adoption (A) = 6, 
Discontinuance (Discont) = 7. The independent variables (socio-economic characteristics) 
were analyzed thus; Gender (Male = 1, Female = 2); Age of farmers (years); Highest 
educational qualification (No formal education=1, Adult education=2, Primary=3, 
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Secondary=4, Tertiary=5). Household size (number of persons in a household); Extension 
visit (Yes =1, No = 2); Membership of cooperatives societies (Yes =1, No =2); Farming 
experience (years); Marital status (Single =1, Married = 2); Sources of information 
(friends/relatives/neighbor =1, Extension agent =2, Radio=3, Television=4, Newspaper=5, 
others =6)  
3. Results and discussion 
Table 1 shows that 34.4% of the farmers were male, while 65.6% were female. From the table 
it is obvious that majority of the respondents are females. Also, 14.4% of the farmers were 
between the ages of 31and 40 years old, 36.7% were between 41 and 50 years, 26.7% were 
between 51 and 60 years, while 22.2% were 61 years and above. The findings revealed that, a 
significant proportion of the farmers were between 41 and 50 years indicating that the 
farmers were mainly middle aged who are in their economically active stage and as such, 
can undergo the stress and this has implication for productivity of the farmers. 
The result from the Table 1 shows that 26.7% of the farmers had no formal education, 33.3% 
had adult education, 22.2% of the farmers had primary education while 6.7% of the farmers 
attained primary education and 11.1% received tertiary education. The findings show that 
the a higher proportion of the respondents had adult education qualification (33.3%). 
Findings show that a reasonable percentage (48.9%) of the farmers had 6 to 10 members in 
their households. About 32.2% of the farmers were single, while 67.8% of the farmers were 
married. It was also found that 32.2% of the farmers were members of cooperative societies 
while 67.8% were not. Since majority were not members of cooperative societies, their access 
to farm resources like agro-inputs, credits and even extension contact might be lean and this 
would not encourage adoption. 
Findings showed that 56.7% of the respondents had 6 to 10 years farming experience, 42.2% 
have been visited by extension agents, while 57.8% were not visited by extension agents. 
This is not too good because visit or contact with extension provides opportunity for 
transfer of skill, knowledge and information which facilitate adoption. 
About 44.4% of the farmers know about organic farming practices through 
friends/relatives/ neighbors, 27.8% of the farmers know about the practice through 
extension visit, 7.8% of the farmers got to know about the practice through radio, 4.4% got 
the information through television, while 7.8% of the farmers got to know about organic 
farming through the newspaper.  
 
Variables     Frequency  Percentage 
Gender 
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Age (Years) 
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No formal education    24   26.7 
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Primary education    20   22.2 
Secondary education     6    6.7 
Tertiary      10   11.1 
Household Size       
1-5      15   16.7 
6-10      44   48.9 
11-15      30   33.3 
16 and above     1   1.1 
Marital Status  
Single      29   32.2 
Married      61   67.8 
Membership of cooperative societies   
Yes      29   32.2 
No      61   67.8 
Years in Organic Farming Practices  
1-5      9   10.0 
6-10      51   56.7 
11-15      17   18.7 
16 and above     13   14.1 
Extension visit 
Yes      38   42.2 
No      52   57.8 
Sources of Information 
Friends/Relations/Neighbours   40   44.4 
Extension Agents     25   27.8 
Radio      7   7.8 
Television     4   4.4 
Newspaper     7   7.8 
Others      7   7.8 
 
Source: Field Survey, 2010. 
 
Table 1. Socio-Economic characteristics of respondents (n=90) 
4. Adoption of organic farming practices 
The result in Table 2 indicated that about 68.9% of the farmers adopted the practice of crop 
rotation and mixed cropping as the major organic farming practices respectively, hoeing and 
hand weeding had 63.3%, and slash and burn were 58.9% while intercropping recorded 
50.0%. 
From the findings it is obvious that farmers adopted five (5) out of fourteen (14) listed 
organic farming practices, giving an adoption rate of 35.7%. This indicates that level of 
adoption of organic farming practices is generally low; this could be as a result of the 
strenuous nature of some of the practices like hand picking of insects, tillage with sticks. The 
farmers are not very convinced about its merits, inability and poor disposition of farmers as 
well as the inability of extension visit to facilitate their adoption. 
Effect of Socio-Economic Characteristics of 
Farmers on Their Adoption of Organic Farming Practices 217 
ORGANIC FARMING 
PRACTICES NA A I E T A DISCONT. 
Crop Rotation 2(2.2) 14(15.6) 6(6.7) 3(3.3) 3(3.3) 62(68.9) 0(0) 
Mixed Cropping 0(0) 13(14.4) 4(4.4) 2(2.2) 6(6.7) 62(68.9) 3(3.3) 
Use of green manure 1(1.1) 14(15.6) 14(15.6) 14(15.6) 29(32.2) 18(20.0) 0(0) 
Use of compost 3(3.3) 13(14.4) 20(22.2) 18(20.0) 19(21.1) 15(16.7) 2(2.2) 
Hand picking of 
insects 12(13.3) 16(17.8) 29(32.2 19(21.1) 8(8.9) 3(3.3) 3(3.3) 
Use of leaves as 
mulching materials 14(15.5) 18(20.0) 18(20.0) 10(11.1) 10(11.1) 19(21.1) 1(1.1) 
Hoeing/weed 
removal by hand 4(4.4) 15(16.7) 5(5.6) 4(4.4) 4(4.4) 57(63.3) 1(1.1) 
Slash and burn 9(10.0) 13(14.4) 4(4.4) 0(0) 9(10.0) 53(58.9) 2(2.2) 
Tillage with sticks 11(12.2) 29(32.2) 13(14.4) 5(5.6) 13(14.4) 8(8.9) 11(12.2) 
Use of air tight 
containers for storage 10(11.1) 20(22.2) 19(21.1) 13(14.4) 9(10.0) 16(17.8) 3(3.3) 
Sun drying of farm 
produce 2(2.2) 16(17.8) 18(20.0) 14(15.6) 10(11.1) 30(33.3) 0(0) 
Use of organic 
manures 3(3.3) 21(23.3) 18(20.0) 8(8.9) 19(21.1) 21(23.3) 0(0) 
Inter cropping 6(6.7) 20(22.2) 4(4.4) 4(4.4) 9(10.0) 45(50.0) 2(2.2) 
Tree/hedges planting 4(4.4) 24(26.7) 10(11.1) 6(6.7) 4(4.4) 7(7.8) 35(38.9) 
NA; Not Aware, A; Awareness, I; interest, E; Evaluation, T; Trial, A; adoption, Discont; discontinuance 
Figures in parenthesis are in percentages 
Source: Field Survey, 2010.  
Table 2. Level Of Adoption Of Organic Farming Practices 
5. Perceived benefits of using organic farming practices 
Fig. 1 shows that 41.1% of the respondents perceived that organic farming practices 
increased soil organic matter content, 22.2% perceived that they reduce input cost of 
farming, 26.7% perceived that they involved low risk in crop failure. Also, 81.1% indicated 
that it has a high social value of general acceptability. About 84% indicated that organic 
farming practices are compatible with their own cultural systems, 77.8% stated that they are 
inexpensive, 55.6% stated that organic farming practices are natural form of farming, while 
22.2% indicated that they are environmentally friendly.  
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Fig. 1. Perceived benefitsof organic farming practices 
6. Relationship between socio-economic characteristics of farmers and 
adoption of organic farming practices 
Table 3 shows the results on relationship between socio economic characteristics of 
respondents and adoption of organic farming practices. From the findings only two 
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Table 3. Correlation coefficient of socio-economic characteristics of farmers and adoption of 
organic farming practices 
Farming experience is negatively correlated with adoption of organic farming practices and 
significant at 0.01 level. This implies that there exist an inverse relationship between farmers 
experience and adoption which means that those with less farming experience have higher 
adoption level. This is in consonance with the findings by Edeoghon’s (2008), who reported 
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that farmers usually are more involved in practices that they are more familiar with than 
other practices. The findings also agree with the literature that organic producers are newer 
entrants to farming (Padel, 2001). This can be attributed to the fact that farmers who have 
been long in the business are usually older, less educated and more resistant to change than 
new entrants. 
Marital status of farmers was found to be negatively correlated with adoption of organic 
farming practices which means there is an inverse relationship, but is significant at 0.05 level 
which means if both variables are cordial there would be increase in adoption. Marital status 
of respondents was an important factor in adoption of organic farming practices. This is in 
line with Ekong (2000), Nwachukwu and Jibowo (2000), Bamneke (2003), who reported that 
majority of respondents involved in agricultural activities are married. 
7. Conclusion 
The study concludes that adoption of organic farming practices was low as farmers adopted 
only 5 of the 14 practices identified. These include crop rotation, mixed cropping, hoeing 
and hand weeding, slash and burn and intercropping. It was found that respondents 
perceived that organic farming practices increased soil organic matter content, reduce input 
cost of farming, involved low risk in crop failure. Also, it was found that organic farming 
practices have high social value of general acceptability, are compatible with their own 
cultural systems, are inexpensive, are natural form of farming, and are environmentally 
friendly.  
8. Recommendations 
There is need to intensify efforts to make agricultural extension services more functional so 
that farmers can get useful information to enhance adoption of organic farming practices. 
Farmers should be encouraged for form and belong to cooperatives to facilitate group 
dynamism. Adequate enlightenment programmes should be mounted on organic farming 
practices so that more farmers can adopt. 
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1. Introduction  
Successful management of crop production systems requires design of cultural practices 
that enhance yield by ensuring that growth limiting factors are minimized or eliminated 
altogether. Together with moisture, light, competition, diseases and pests, availability and 
efficient utilization of soil nutrients is one of the major determinants of healthy plant growth 
and realization of optimum yield returns. Thus, assessment of nutrient availability, uptake 
and utilization by plants is critical for optimization of crop productivity. It is also important 
to note that these factors and other physiological processes characteristically involve 
complex relationships and interactions among many factors, some of which are of non-
nutritional in nature. Traditionally, diagnoses of these nutritional responses and interactions 
have involved chemical analysis of soil and plant samples, while different approaches have 
been employed for the interpretation of the analytical results. These interpretations have 
been derived from empirical studies related to plant responses to specific nutrients in terms 
of visual symptoms, nutrient uptake and use, nutrient ratios, and soil, biochemical, 
physiological tests. Unfortunately, most of these techniques have focused on causes of 
nutrient deficiencies in an attempt to identify nutrients that are most limiting rather than in 
trying to optimize their availability, uptake and utilization by the crops. Also, interactions 
among different nutrients and other growth limiting factors such as moisture and light are 
seldom considered. Moreover, most of these interpretative approaches are only known to 
scientists in terms of their power and limitations, while land managers seldom use them to 
diagnose simple conditions in their farms. 
Most of the diagnostic methods use chemical analysis of plants or plant parts to determine 
the qualitative or quantitative nutritional status since the plant itself is the subject of interest, 
thus its nutrient composition reflects most of the factors affecting its nutrition. These plant 
chemical analyses often use three plant parameters in interpretations of crop responses 
(growth and yield, nutrient concentration, and nutrient uptake also measured as nutrient 
content) to evaluate plant response to soil nutrient supply and fertilization. Unfortunately, 
overwhelming majority of studies on crop response to nutrient supply often express their 
results using only one or two of these parameters at a time, but not all of them combined. 
Our past research experience and review of other literature has clearly identified this glaring 
gap. Similar problems associated with excessive use of concentration data alone and 
improper use of terminology have been detected in plant nutrient studies several decades 
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Our past research experience and review of other literature has clearly identified this glaring 
gap. Similar problems associated with excessive use of concentration data alone and 
improper use of terminology have been detected in plant nutrient studies several decades 
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ago (e.g. Timmer and Stone 1978; Smith et al. 1981), which unfortunately is still common in 
current literature. There is now strong evidence to demonstrate that conclusions derived 
from such results may be misleading if any one of these plant parameters is excluded from 
the interpretation of plant nutrient analysis. 
Current trends towards precision agriculture with intensive fertilization to achieve optimum 
nutrition is likely to lead to more complex nutritional disorders that will be more difficult to 
detect, thus the need for interpretative techniques that provide more comprehensive and 
precise plant nutritional status with the capacity to identify single and multiple nutrient 
deficiencies, sufficiency, imbalances, toxicity and interactions. The objective of this Chapter 
is to highlight the pitfalls associated with relying solely on concentration of nutrients only 
when interpreting results of plant responses to nutrient availability. The Chapter 
demonstrates that more insight into the mechanisms behind changes in plant nutritional 
status under changing soil nutrient conditions can be achieved by simultaneous 
examination of changes and interrelationships between all the three plant nutritional 
parameters i.e. growth or yield, nutrient concentration and nutrient uptake or content using 
a graphical approach called “Plant Nutrient Vector Analysis”. Although this method has 
been used extensively in forestry research, little applications in evaluating nutritional status 
in agricultural crops have been. It is strongly suggested that agricultural scientists involved 
in intensive fertilizer management systems utilize the enormous potential of this method.  
2. Background 
2.1 Defining plant nutrient status 
Plant nutrient status is often defined by either nutrient concentration or absolute content. By 
definition, the term nutrient concentration refers to the amount of a compound present in a 
unit amount of plant tissue and is expressed as a ratio (e.g. %, ppm, mg g-1, or mg cm-1 etc.), 
while nutrient content is the total amount of a compound present in a specific amount of 
plant tissue (e.g. whole plant, leaf, shoot, root etc.) and is expressed in any unit of mass such 
as mg, g, kg, and tons (Farhoomand and Peterson, 1968). Clearly, while concentration is 
intensive and non-additive (i.e. does not depend on the size of the sample but simply an 
indicator of plant quality), content on the other hand is extensive and additive (i.e. depends on 
the size of the plant or plant part and is an indicator of production and growth allocation). 
Further, it is good to note that concentration is simply a ratio between content and biomass 
(or area) in which content has been measured. Thus, the discussion on when to use 
concentration or content really is a matter to be determined by the objective of the analysis 
between variables; whether original or derived variables, a question that has been debated 
extensively in biological (e.g. Jackson and Somers, 1991) and statistical literature (e.g. Sokal 
and Rohlf, 1995) in the past.  
In statistics for example, part of the drawbacks in the use of ratios (i.e.. concentration) is 
because these ratios are often derived from two independently measured variables, thus 
often resulting in inaccuracy and non-normal distribution (Sokal and Rohlf, 1981). 
Fortunately in the case of plant nutrient concentrations, they are not derived variables even 
though they are ratios since they are primary variable measured directly as a result of 
biochemical analyses. This is probably one of the reasons why most researchers prefer using 
concentration data directly since to obtain content requires multiplying concentration by the 
weight of the plant sample, which is rarely done. Statistically therefore, using content is 
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likely to be more prone to error since it is derived from two independent variables i.e. 
concentration and biomass. 
Koricheva (1999) has pointed out the major problems associated with the use of ratios and 
concentrations in interpreting changes in plant allelochemistry. The problem with the use of 
ratios is that they do not give any indications on the relationships between the two variables 
from which they are derived. This means that changes in a ratio can be caused by changes in 
the numerator, the denominator or both, and there is no way of distinguishing the 
mechanism responsible for the observed changes in the ratios. However, this would not be a 
problem if the ratio itself is the primary variable of interest, and the researcher is interested 
only on the implications of the shift in the ratio rather than in the mechanisms which 
brought about the change. If the biological process being investigated operates on the ratio 
of variables studied, then one must study the variables affecting the ratio in order to 
understand the mechanisms involved.   
In terms of interpretations of plant responses to nutrient availability, the major problem 
often arises when researchers try to elucidate the mechanisms causing the observed changes 
in concentrations. Given the above definition, such changes can be brought about by either 
changes in plant growth (biomass accumulation), nutrient uptake (nutrient accumulation or 
content), or both. While changes in nutrient concentration due to changes in content can be 
considered as “active” since the plant altered nutrient uptake, synthesis or transport of the 
specific nutrient, changes in concentration due to changes in biomass can be considered as 
“passive” responses because they are simply by-products of plant growth and there is no 
specific effect on the metabolism of the compound analyzed.  
It is important to distinguishing between these passive and active responses in order to 
enable establish the mechanisms that lead to observed changes in plant nutrient 
concentrations. This is important in enabling predictions of the effects of varying nutrient 
variability on plant physiological responses. When the focus of the study is on the 
mechanisms behind the changes in concentration, more can be achieved by studying the 
variables singly first and then examining their relationship to each other i.e. analysis of 
changes in content and plant biomass in addition to analysis of concentrations. 
Unfortunately, most research papers reporting plant nutrient data have not taken this 
message seriously probably because of the belief that concentrations do reflect changes in 
nutrient content but remove the effects of biomass, thus are superior indicators of plant 
nutrient status. 
2.2 Problems with the use of plant nutrient concentrations alone 
Although many researchers have often preferred using nutrient concentration (C) over 
nutrient content (U) by assuming that the former removes the effect of plant biomass (W) on 
nutrient content, and therefore good for standardizing data to allow for comparison 
between different plant individuals or plant parts by adjusting for differences due to 
biomass using the function C = U/W i.e. concentration does not depend on the size of the 
plant (Jackson and Somers, 1991), there are many inherent problems with this approach. 
First, mathematically such a ratio can only remove the effect of W on U if and only if the 
relationship U/W is linear and passes through the origin (Raubenheimer and Simpson, 
1992). Any nonlinearity of the function increases the probability of differences between the 
ratios calculated for the different parts of the curve, while non-zero intercept diminishes the 
statistical power to detect small differences between treatments. These assumptions are 
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nutrient content but remove the effects of biomass, thus are superior indicators of plant 
nutrient status. 
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Although many researchers have often preferred using nutrient concentration (C) over 
nutrient content (U) by assuming that the former removes the effect of plant biomass (W) on 
nutrient content, and therefore good for standardizing data to allow for comparison 
between different plant individuals or plant parts by adjusting for differences due to 
biomass using the function C = U/W i.e. concentration does not depend on the size of the 
plant (Jackson and Somers, 1991), there are many inherent problems with this approach. 
First, mathematically such a ratio can only remove the effect of W on U if and only if the 
relationship U/W is linear and passes through the origin (Raubenheimer and Simpson, 
1992). Any nonlinearity of the function increases the probability of differences between the 
ratios calculated for the different parts of the curve, while non-zero intercept diminishes the 
statistical power to detect small differences between treatments. These assumptions are 
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unlikely to hold for the U/W relationship, which is presumably non-linear and non-zero 
intercept may arise, for example, the rate of nutrient uptake is not equal to the rate of 
growth and biomass accumulation. As such, concentration is unlikely to remove the effect of 
plant weight from content, and analysis of covariance with content as the dependent 
variable and biomass as a covariate is a better option (Raubenheimer and Simpson, 1992). 
Secondly, changes in nutrient concentration does not always reflect changes in nutrient 
content since changes in biomass are not due exclusively to changes in nutrient content since 
biomass production is a function complex interactions among many factors of plant growth 
including nutrients, light, water, temperature, cultural practices, weeds, pests and diseases 
(Jarrell and Beverly, 1981). Moreover, plant biomass (W) is the sum of the total contents of 
all plant constituents such as nutrients, carbon and other plant chemical compounds (i.e. W1, 
W2, W3, Wn, where n is the number of plant constituents). The concentration of a specific 
nutrient C1 can then be derived as C1 = U1/(W1+W2+W3 ….. Wn). Therefore, any change in 
any of the plant constituents will result in change in concentration of nutrient C1 even if its 
content remains the same. Decrease in concentration of a compound as a result in increase in 
content of other plant constituents is known as dilution effect, while increase in concentration 
of a compound due to decrease in content of another constituent is called concentration effect. 
Although dilution and concentration effects will have relatively small impacts on the 
concentration of the major plant constituents such as carbon-based compounds, most 
nutrients are present in relatively very low concentrations making them potentially very 
sensitive to dilution and concentration effects. The dependence of concentration of a specific 
nutrient on the levels of other nutrients and plant constituents as well as environmental 
conditions has important implications on interpretation of concentration data with respect 
to active uptake e.g. in response to amelioration of nutrient deficiency, or passive uptake in 
response to accelerated or suppressed growth by other non-nutritional factors. Separation of 
these nutritional response mechanisms (active vs. passive) using only nutrient concentration 
data is seldom possible. To date, only a few studies have presented both nutrient 
concentration and content results demonstrating these distinct nutritional responses directly 
as for example using isotope techniques. 
Thirdly, the use of nutrient concentration as a measure of nutrient uptake has no biological 
meaning since plants absorb molecules (content) of nutrients – concentration simply reflects 
distribution of these molecules within a given amount of plant biomass. Biologically, 
therefore, this distribution is not of any strategic importance but simply an inevitable 
consequence of plant growth (Timmer 1991). It has often been interpreted that higher 
nutrient concentration in young tissue is a strategy for resource allocation for higher 
productivity, while decline in nutrient concentration with leaf age may be largely a result of 
dilution due to accumulation of other metabolites as leaves expand. One alternative to using 
concentrations for assessing changes in allocation to nutrients in growing tissues is to plot 
nutrient content in the plant or plant part against plant biomass and to examine changes in 
the slope over time. Increase in slope indicates increased allocation to growth while decrease 
in slope indicates reduced allocation to growth  
Fourthly, it is often assumed that plant resources are limited and thus plant preferential 
investment in certain organs of specific functions depending on prevailing environmental 
conditions. For example, increased root growth for increased drought resistance necessarily 
reduces investments in other plant organs such as shoot growth resulting in higher 
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root/shoot ratio (Herms and Mattson 1992). Such trade-offs can only be examined in terms 
of the correlations between nutrient concentration and plant biomass that can demonstrate 
either positive or negative correlations. If a negative correlation is detected, then uptake of a 
given nutrient can be considered costly, while a positive correlation may be interpreted to be 
cheap or luxury uptake.  
The problem however is whether two or more physiological processes jointly consume the 
same resource. Moreover, negative correlation between nutrient concentration and plant 
biomass may arise because biomass is a denominator in the ratio defining concentration. 
Thus, plotting nutrient concentration against biomass is the same as plotting a ratio against 
its denominator, which causes a negative relationship by default (Herms and Mattson 1992). 
Furthermore, the sign of correlation between nutrient concentration and plant biomass may 
depend on the timing of the compound synthesis during plant development. If uptake of a 
nutrient occurs early plant development and later metabolised or retranslocated to other 
plant parts, its concentration in the plant or old leaf will decrease with age, first due to 
dilution effect and later due to reduced nutrient content. Consequently, concentration of 
such nutrient would be negatively correlated with plant biomass. If however nutrient 
uptake equals growth demand and no retranslocation occurs, nutrient concentration will 
remain the same throughout the plant development stages, and will show no correlation 
with changes in plant biomass.  
2.3 Reducing impacts of dilution and concentration effects 
As discussed above, interpretation of concentration data is often confounded by dilution 
and concentration effects. Several methods have been developed to reduce the impacts of 
these dilution and concentration effects on the results of bioassays.  
2.3.1 Concentration on a free-biomass basis 
In cases where applied treatments are known to cause large changes in specific plant 
constituents (e.g. carbon), which may lead to dilution of other plant constituents (e.g. 
nitrogen), concentration of the other compounds (i.e. nitrogen) may be calculated on a 
carbon-free basis. For example, since elevated CO2 usually causes large accumulation of 
carbon in plant tissue (Korner et al., 1995), then nutrient concentration can be calculated on 
carbon-free basis. According to Poorter et al. (1997), if the effect of CO2 disappears when 
concentrations are compared on carbon-free basis, changes in concentration were due to 
dilution by the accumulated carbohydrates, while more pronounced differences when 
calculated on carbon-free basis means the CO2 enrichment had real effect on the synthesis of 
the compound in question but this difference is obscured by larger changes in carbohydrate 
levels increased. 
2.3.2 Concentration on a unit area basis 
Expression of chemical concentrations on a unit area basis may also be an alternative to 
conventional expression on mass basis if the aim of the study is to assess the effects of non-
seasonal environmental factors. Leaf area is usually more sensitive than leaf biomass to 
environmental changes hence less affected by seasonal variation and leaf age (Gholz 1978). 
Expressing nutrient concentration on area basis might be especially relevant for 
determination of large scale fertilizer prescriptions. 
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root/shoot ratio (Herms and Mattson 1992). Such trade-offs can only be examined in terms 
of the correlations between nutrient concentration and plant biomass that can demonstrate 
either positive or negative correlations. If a negative correlation is detected, then uptake of a 
given nutrient can be considered costly, while a positive correlation may be interpreted to be 
cheap or luxury uptake.  
The problem however is whether two or more physiological processes jointly consume the 
same resource. Moreover, negative correlation between nutrient concentration and plant 
biomass may arise because biomass is a denominator in the ratio defining concentration. 
Thus, plotting nutrient concentration against biomass is the same as plotting a ratio against 
its denominator, which causes a negative relationship by default (Herms and Mattson 1992). 
Furthermore, the sign of correlation between nutrient concentration and plant biomass may 
depend on the timing of the compound synthesis during plant development. If uptake of a 
nutrient occurs early plant development and later metabolised or retranslocated to other 
plant parts, its concentration in the plant or old leaf will decrease with age, first due to 
dilution effect and later due to reduced nutrient content. Consequently, concentration of 
such nutrient would be negatively correlated with plant biomass. If however nutrient 
uptake equals growth demand and no retranslocation occurs, nutrient concentration will 
remain the same throughout the plant development stages, and will show no correlation 
with changes in plant biomass.  
2.3 Reducing impacts of dilution and concentration effects 
As discussed above, interpretation of concentration data is often confounded by dilution 
and concentration effects. Several methods have been developed to reduce the impacts of 
these dilution and concentration effects on the results of bioassays.  
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In cases where applied treatments are known to cause large changes in specific plant 
constituents (e.g. carbon), which may lead to dilution of other plant constituents (e.g. 
nitrogen), concentration of the other compounds (i.e. nitrogen) may be calculated on a 
carbon-free basis. For example, since elevated CO2 usually causes large accumulation of 
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carbon-free basis. According to Poorter et al. (1997), if the effect of CO2 disappears when 
concentrations are compared on carbon-free basis, changes in concentration were due to 
dilution by the accumulated carbohydrates, while more pronounced differences when 
calculated on carbon-free basis means the CO2 enrichment had real effect on the synthesis of 
the compound in question but this difference is obscured by larger changes in carbohydrate 
levels increased. 
2.3.2 Concentration on a unit area basis 
Expression of chemical concentrations on a unit area basis may also be an alternative to 
conventional expression on mass basis if the aim of the study is to assess the effects of non-
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2.3.3 Concentration on fresh weight basis  
Expressing concentration on fresh weight basis may also reduce impacts of dilution and 
concentration effects since fresh water-saturated plant material in mature organs is a more 
constant property than dry weight (Tamm, 1964). Unfortunately, this approach is based on 
the assumption that no difference in water content exists between the samples, which can 
only be tested by comparing water content among the treatments, sampling dates etc. 
2.3.4 Comparison of nutrient concentration in similar plant developmental stages  
As stated earlier, dilution effects are an integral part of plant development, thus nutrient 
concentrations of most plant constituents change during the plant life cycle if no 
environmental factors or cultural practices interfere with plant growth and nutrient uptake 
and concentration during the growing season. Therefore, assessing the effects of treatments 
at different dates during the season may result in confounding of environmental effects. 
This might be avoided if plants of the same the same development stage or age are 
compared between the treatments (Roumet et al. 1996). This approach may require changing 
the experimental design to facilitate comparisons between treatments through growth and 
developmental stages over time (Coleman et al., 1994). Thus, disappearance of treatment 
effects when plants of the same biomass are compared means that differences in nutrient 
concentrations were due to growth dilution, while similar effects on nutrient concentrations 
would suggest that the examined factor has an effect on plant nutrient status which is 
independent of developmental changes. Unfortunately, all these methods are inadequate for 
comprehensive analysis of plant responses to plant nutrient status. These are described in 
detail in the following sections. 
3. Theoretical foundations 
3.1 Nutrient uptake and growth relationships 
3.1.1 Nutrient uptake 
Uptake of mineral nutrients by higher plants occurs mainly through absorption of mineral 
elements from the soil environment by the roots, although leaves of some plants are also 
known to absorb limited amounts of mineral elements. Once absorbed, these elements 
accumulate in plant tissue. Although analyses of plant tissues often show accumulation of 
almost all elements found in the root environment, only a small number has been 
demonstrated to be essential for plant growth. Since nutrients accumulate in plant tissue 
during growth, and nutrient content of a plant gives an integrated estimate of both total 
uptake and use by a plant, studying the relationships between the two fundamental 
processes involved (nutrient accumulation and biomass production) can provide insight 
into the mechanisms involved. This can be achieved by studying the relationships between 
biomass, uptake and concentration. The following section discusses these fundamental 
relationships in terms of tissue nutrient composition, and its usefulness in elucidating 
mechanisms of plant nutrient interactions.  
3.1.2 Plant nutrient composition 
Chemical analysis of plants is frequently used to diagnose the nutritional status of plants 
since the plant itself is the object of interest, and its nutrient com position reflects many of 
the factors affecting its nutrition. Traditionally, plant nutrient com position is expressed 
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either in relative term s (i.e. concentration [C], the amount of nutrient present per unit 
amount of biomass) or on total mass basis (i.e. absolute content [U], the total amount of 
nutrient present in a specific amount of plant tissue [W]) (see for example Imo 1999). Total 
content is obtained by multiplying concentration by dry mass of the sample, thus U = C(W). 
Timmer (1991) has argued that using concentration alone does not reveal the mechanism on 
how nutrient content and dry mass are related, since changes in concentration may be 
caused by changes in either biomass or nutrient uptake or both, and there is no way of 
distinguishing between these mechanisms.  Changes in concentration as a result of changes 
in content implies that the plant itself altered nutrient uptake and synthesis, while changes 
in concentration due to changes in biomass can be regarded as a growth response without 
any specific effects on metabolism of the nutrient.  
Distinguishing between these processes is important to test hypotheses related to the effect 
of changing nutrient supply on plant growth and nutrient composition. One way of solving 
this problem is by first studying the effects of nutrient supply on each of the individual 
plant response variables (biomass, nutrient concentration and content), and then examining 
their interrelationships. Timmer (1991) presented a classic generalized interpretation of the 
relationship between these nutritional parameters diagrammatically (Fig. 1), which shows 
the possible relationships between increasing nutrient supply with plant growth, nutrient 
concentration and nutrient content. This diagram shows that growth responses to 
 
 
Fig. 1. Generalized interpretation of the relationships between plant growth, nutrient 
concentration and nutrient content with increasing nutrient supply. The lower box shows 
the expected direction of change (0, +, or -) in growth, nutrient concentration and nutrient 
content in the three phases. Adapted from Timmer (1991). 
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increasing supply of a limiting nutrient follows a curvilinear relationship that can be 
divided into three distinct nutritional phases: deficiency, luxury uptake, and toxicity 
(Timmer 1991). At each phase, changes in growth, nutrient concentration and uptake can be 
identified as either increasing (+), no change (0), or declining (-) as shown in Fig. 1. Notice 
that growth is restricted at low nutrient levels, increases sharply with increasing nutrient 
supply until sufficiency is reached, it levels off when nutrient supply is at luxury levels, and 
then declines gradually as nutrient concentrations become toxic (Fig. 1).  
Nutrient content follows a similar curvilinear pattern as biomass, except that it continues to 
increase as a result of luxury uptake until toxicity occurs (Fig. 1). In contrast, nutrient 
concentration will continue to rise throughout the whole range of nutrient supply (Fig. 1), 
slowly in the deficiency range because of growth dilution, and more rapidly in the toxicity 
range because of accumulation. Thus, interpretation of concentration data alone is often 
confounded by dilution and concentration effects, and nutrient content data is often 
confounded by effects of total plant biomass.  
One way of avoiding this problem is by examining all the three parameters simultaneously 
using vector diagnosis as discussed in the following section.  
3.1.3 Nutrient interactions 
While in general the term “interaction” is defined the mutual or reciprocal effects, it has 
been used in soil fertility evaluation in agriculture and forestry to mean both quantitative 
and qualitative responses to fertilizer nutrients in plant-soil systems, which involve both 
single or multi elements interactions as well other non-nutritional factors that may be 
occurring in these systems. These interactions often occur when the level of one factor of 
biological production influences the response of an intended product to another factor, 
resulting in mutual or synergistic (positive), reciprocal (compensatory) or antagonistic 
(negative) effects. For example, if the supply of one nutrient affects the absorption, 
distribution or function of other nutrients and thus modifies growth response then 
interactions can be said to occur. These interactions can occur in the soil as biochemical 
reactions, in the soil-plant interface due to uptake processes, or interactions within the plant 
itself due to varying requirements for nutrients by plants of varying phenotypes and life 
cycles. Inevitably, other non-nutritional factors that affect plant growth and development, 
and nutrient availability, uptake and utilization also influence the nature of nutrient 
interactions in soil-plant systems. Although management practices always strive to achieve 
positive interactions, methods for ascertaining achievement of the desired objectives are 
hardly explicit. A positive interaction occurs when the influence of the combined practices 
exceeds the sum of the influences of the individual practices. Such positive interactions have 
served as the science-based justification for development of a “balanced” plant nutrition 
program.  
These interpretations often involve plant responses such as steady-state nutritional effects, 
synergistic or antagonistic dilution effects and induced toxicities are often quite complex 
and multi-factored. Detection of such interactions therefore requires specialized and 
comprehensive techniques and approaches for their quantification, especially in intensively 
managed cropping systems. Several methods and approaches have been proposed to detect 
these interactions in cropping systems including visual symptoms, critical nutrient 
approach, optimum nutrient ratios, factorial experiments, mathematical modeling and 
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graphical nutrient analysis. Unfortunately, questions still a rise especially when dealing 
with nutritional elements of different biochemical nature, varying requirements and 
quantities by plants, multiple factors affecting their availability, prioritizing nutrient 
limitations, and making practical recommendations for optimum crop production. 
Separation of all these interaction effects in terms of site-specific fertilizer nutrient 
recommendation is seldom reported in research papers. 
3.1.4 Steady state nutrition 
Steady state nutrition refers to a condition whereby plants grow with constant internal nutrient 
concentration, free from stress (Ingestad and Lund 1986). This condition can be achieved by 
adding fertilizer nutrients at exponential rather than conventional (or constant) rates, which 
corresponds closer to the desired relative growth rates of the plants during their exponential 
phase of growth as has been demonstrated by Imo and Timmer (1992a; Imo and Timmer 1997). 
These studies also showed that although and nutrient accumulation of conventionally 
fertilized plants normally increases as the season progresses, internal nutrient concentration 
usually declines due to growth dilution, which suggests excess fertilization at the start but 
nutrient stress at the end of the growing season. In contrast, Plants growing at steady-state 
nutrition were growing relatively free of nutrient stress since it was characterized by stable 
internal nutrient concentration. Long term experiments are required to demonstrate 
achievement of this condition under field conditions, which would greatly improve nutrient 
use efficiency of applied fertilizers while reducing environmental pollution.  
4. Vector analysis of plant nutritional responses 
4.1 Diagnostic approach 
Vector nutrient analysis is based on the biological dependence of plant growth on nutrient 
uptake. Fundamentally, the technique is a multivariate approach of examining changes in 
nutrient concentration (C) in relation to functional processes that cause these changes, 
namely nutrient uptake (U) and biomass accumulation (W), where C = U/W. This 
relationship is then compared graphically by plotting C on the y-axis and U on the x-axis 
(Fig. 2). Since concentration is a ratio between content and biomass, biomass is the inverse of 
the slope factor, and C and U values for each plant sample will follow a diagonal line (z-
axis) corresponding to biomass (W) (Fig. 2). These diagonals also serve to separate biomass 
of various samples being compared. Changes in C, U and W can be plotted as absolute 
values (thus allowing standard error of the means to be shown on the diagram) or relative 
values (thus enabling multiple treatment, nutrients and inter-site comparisons by 
eliminating inherent differences in plant size and nutrient status).  
In this graphical model, vectors are drawn to depict changes in the relationship between C, 
U and W. Plant samples for comparison can either be for different treatments (Timmer 1991) 
or changes over time (Imo and Timmer 1997). Interpretation of the relationships between C, 
U and W are based on changes in vector direction and magnitude observed as an increase 
[+], decrease [-], or no change [0] in biomass, nutrient content, and nutrient concentration 
relative to the reference plant status, and help quantify treatment effects (Fig. 2). The 
direction and magnitude of the vectors quantify treatment effects relative to the reference 
status, and facilitate diagnoses of nutritional effects of growth dilution, sufficiency, 
deficiency, luxury uptake, toxicity (excess uptake) and antagonism. Vector nutrient analyses 
of these nutritional effects are discussed here below. 
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graphical nutrient analysis. Unfortunately, questions still a rise especially when dealing 
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use efficiency of applied fertilizers while reducing environmental pollution.  
4. Vector analysis of plant nutritional responses 
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Vector nutrient analysis is based on the biological dependence of plant growth on nutrient 
uptake. Fundamentally, the technique is a multivariate approach of examining changes in 
nutrient concentration (C) in relation to functional processes that cause these changes, 
namely nutrient uptake (U) and biomass accumulation (W), where C = U/W. This 
relationship is then compared graphically by plotting C on the y-axis and U on the x-axis 
(Fig. 2). Since concentration is a ratio between content and biomass, biomass is the inverse of 
the slope factor, and C and U values for each plant sample will follow a diagonal line (z-
axis) corresponding to biomass (W) (Fig. 2). These diagonals also serve to separate biomass 
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values (thus allowing standard error of the means to be shown on the diagram) or relative 
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In this graphical model, vectors are drawn to depict changes in the relationship between C, 
U and W. Plant samples for comparison can either be for different treatments (Timmer 1991) 
or changes over time (Imo and Timmer 1997). Interpretation of the relationships between C, 
U and W are based on changes in vector direction and magnitude observed as an increase 
[+], decrease [-], or no change [0] in biomass, nutrient content, and nutrient concentration 
relative to the reference plant status, and help quantify treatment effects (Fig. 2). The 
direction and magnitude of the vectors quantify treatment effects relative to the reference 
status, and facilitate diagnoses of nutritional effects of growth dilution, sufficiency, 
deficiency, luxury uptake, toxicity (excess uptake) and antagonism. Vector nutrient analyses 
of these nutritional effects are discussed here below. 
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Vector Change in Nutritional Nutrient
shift W U a effect status Possible diagnosis
A + + - Dilution Non-limiting Growth dilution
B + + 0 Accumulation Non-limiting Sufficiency, steady-state
C + + + Accumulation Limiting Deficiency
D 0 + + Accumulation Non-limiting Luxury consumption
E - -, + + Concentration Excess Excess accumulation
F - - - Antagonistic Limiting Induced deficiency















Fig. 2. Vector nutrient diagnosis of directional changes in relative dry mass (W), nutrient 
content (U) and concentration (C) of plants (or plant components) contrasting in growth and 
nutrient status. The reference status (R) is usually normalized to 100%. The dotted diagonal 
lines represent the biomass of samples being compared. Vector shifts (A to G) indicate 
increase [+], decrease [-], or no change [0] in dry mass and nutrient status relative to the 
reference status as summarized in the Box beneath. Vector magnitude reflects 
responsiveness of individual nutrients. From Imo (1999).  
4.2 Diagnostic interpretations of nutritional responses, with examples 
4.2.1 Growth dilution of nutrients 
Growth dilution (Shift A, Fig. 2) occurs when nutrient concentration declines while growth 
and nutrient uptake increase (Armson 1977, Timmer 1991). Such dilution effects usually 
occur during periods of rapid plant growth when nutrient uptake cannot keep pace with the 
high rate of biomass accumulation (Ingestad and Ågren 1988; Jarrell and Beverly 1981). For 
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example, Imo and Timmer (1992a) used single dose and constant top dressing fertilization 
regimes to induce growth dilution of nutrients in mesquite (Prosopis chilensis) seedlings 
under greenhouse conditions. because seedling growth rate was higher than rate of nutrient 
uptake during the growing season. Interpretation of the growth dilution of nutrient effects 
by vector nutrient analysis during seedling development is illustrated in Fig. 3 using the 
single dose treatment (Imo and Timmer 1997). 
 
 
Fig. 3. Vector nomogram of relative changes in dry mass, nutrient content and nutrient 
concentration occurring at 2 week intervals of mesquite seedling shoots cultured under a 
single dose (SD) fertilization regime. Seedling status at week 4 was normalized to 100 for 
comparison with subsequent time intervals. Vectors reflect progressions in time from week 
4 to 12. The downward-pointing vectors indicate growth dilution of nutrients (Shift A in Fig. 
2) over time because nutrient uptake did not keep pace with growth demand by the 
seedlings (Imo and Timmer 1992 a; Imo and Timmer (1997). 
In this diagram, the right-pointing vectors indicate dry mass and nutrient uptake increased 
while the downward-pointing vectors indicate decline in concentration over time, thus 
growth dilution (Shift A, Fig. 2). Growth dilution may also occur due to imbalanced 
nutrition, resulting in a decline in concentration of a non-limiting nutrient as a result of 
increased availability of a limiting factor (Armson, 1977; Timmer and Stone 1978), as 
demonstrated by Munson and Timmer (1989) using vector nutrient analysis (Fig. 4).  In this 
study, addition of a limiting nutrient (N) induced a rapid increase in growth of black spruce 
seedlings resulting in a decline in concentration of a non-limiting element (K). From 
interpretation of the vector directions and length, they concluded that the result was 
primarily a response to N deficiency since the N vector is longer than the K vector 
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4.2.2 Nutrient deficiency 
Nutrient deficiency response (Shift C, Fig. 2) is associated with increases in growth, nutrient 
uptake and concentration (see for example Imo and Timmer 1992a, Fig. 5), indicating that 
nutrient uptake rate is higher than rate of biomass accumulation. Such a response is 
characteristic of addition of a limiting nutrient (Timmer and Stone 1978). Imo and Timmer 
(1999) also examined the effects of 5-year old Leuceana hedgerows on growth and nutrient 
uptake of a maize intercrop over one cropping season in a humid highland of western 
Kenya. In this experiment, three between-alley spacing (2, 4 and 8m) and two within-alley 
spacing (1.0 and 0.5m) treatments plus a treeless sole crop control were compared with or 
without fertilization. Fig. 6 shows some of the results after evaluation using vector analysis. 
This diagram shows that the sole maize crop planted without any Leuceana trees experienced 
N deficiency since mulch application resulted in increased N availability due to and 
deficiency response (Fig. 6).  
 
 
Fig. 4. Relative differences in nutrient content, concentration and shoot dry m ass between 
unfertilized and fertilized black spruce seedlings and planted and grown for 5 months in 
potted, intact blocks of forest hum us under nursery conditions with supplemental 
irrigation. The fertilized seedlings received 250 kg/ha NH 4NO3 fertilizer. The seedling 
status of the unfertilized control was normalized to 100 for comparison with unfertilized 
treatment. Fertilization increased growth, and N content and concentration signifying N 
deficiency response (vector shift C in Fig. 2). Concentration of K, however, declined despite 
increase in growth and content indicating growth dilution (vector shift A in Fig. 2). This 
phenomenon is usually associated with growth dilution of non-limiting nutrients (e.g. K in 
this example) on addition of a limiting factor (e.g. N in this example) probably reflecting 
imbalanced nutrition Data from Munson and Timmer (1989).  
 




Fig. 5. Vector nomogram of relative shoot dry mass, nutrient concentration, nutrient content 
of mesquite seedlings grown at 0, 50, 100, 200 and 400 m g N seedling-1 fertilized with 
complete fertilizer. The unfertilized control was norm alized to 100 (0 = 100) for comparison 
with the fertilized treatments. Vector lengths indicate P as the primary and N the secondary 
responsive nutrients, clearly reflecting the effect of fertilization. The positive shifts in dry m 
ass, nutrient concentration and content after fertilizer addition signified P and N deficiency 
responses (Shift C in Fig. 2). Adapted from Imo and Timmer (1992). 
4.2.3 Nutrient sufficiency and steady state nutrition 
Nutrient sufficiency (Shift B, Fig. 2) is associated with increases in both nutrient uptake and 
growth, but no change in concentration indicating that the rate of nutrient uptake matched 
the rate of biomass accumulation, or steady state nutrition (Ingestad and Lund 1986). This 
response is characteristic of non-limiting nutrients that are present in sufficient amounts in 
the growing medium (Timmer 1991). In an experiment with mesquite seedlings (Imo and 
Timmer 1997) the model demonstrated the ability of exponentially based fertilization 
regimes to achieve steady state conditions in these seedlings (Fig. 7).  
4.2.4 Luxury consumption 
Luxury consumption occurs when there is no change in growth despite increased nutrient 
uptake, thus resulting in elevated concentration (Shift D, Fig. 2). This nutritional effect may 
signify nutrient loading (see for example Timmer and Munson 1991, Fig. 8). 
4.2.5 Nutrient interactions 
Both antagonistic dilution and nutrient toxicity are associated with reduced growth and 
nutrient content, often involving interaction of various factors. Antagonistic dilution (Shift   
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Fig. 6. Vector nutrient diagnosis of relative biomass and nutrient status of unfertilized maize 
grown in the Leucaena alleys (4W) and the treeless sole crop (S). The vector indicates a 
primary response of the maize crop to N deficiency (i.e. the largest vector is for N) in this 
treatment, presumably because of improved N availability. 
Fin Fig. 2) occurs when a decline in nutrient concentration is associated with reduced 
growth and nutrient uptake. For example, Teng and Timmer (1990a, b) found antagonistic 
dilution (or induced deficiency) of Zn and Cu after fertilizing red pine seedlings with N and 
P (Fig. 9). Severe competition for a limiting nutrient may also cause antagonistic dilution as 
was found in Pinus radiata trees competing for nutrients with pasture in New Zealand 
(Mead and Mansur 1993). Nutrient toxicity (or excess uptake), on the other hand, is 
associated with reduced growth and nutrient uptake but elevated nutrient concentration 
(Shift E, Fig. 2), and occurs when growth declines m ore than corresponding reduction in 
nutrient uptake. This response, also referred to as concentration effect, often results from 
factors that stunt plant growth such as nutrient toxicity (Jarrell and Beverly 1981). For 
example in Fig. 9, P fertilization at high rates not only induced Zn and Cu deficiencies, but 
also resulted in P toxicity (Teng and Timmer 1990a, b). 
 



















Fig. 7. Relative changes occurring at 2-week intervals in dry m ass, and nutrient 
concentration and content of mesquite seedlings cultured under modified exponential (M 
E). The seedling status at week 4 was normalized to 100 for comparison with subsequent 
time intervals. Vectors reflect progressions in time from week 4 to 12. The near-horizontal 
vector (shift B in Fig. 2) associated with the modified exponential regime indicates that 
growth and nutrient uptake rates were equal, exemplifying nutrient sufficiency at steady-
state nutrition (Ingestad and Lund 1986). Adapted from Imo and Timmer (1997).  
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Fig. 8. Relative difference in dry m ass, and N concentration and content of seedlings raised 
under a low (L) and high (H) N fertilization regime. L levels were normalized to 100. The 
higher N status of the fertilized treatment without dry mass increase reflects luxury 
consumption of N (shift D in Fig. 2) that characterizes nutrient loading. Adapted from 
Timmer and Munson (1991).  
 
 
Fig. 9. Relative responses in nutrient concentration, nutrient content and biomass in hybrid 
poplar fertilized at various levels of P (0, 288, 576 and 1152 kg ha-1, denoted as 0P, 1/2P, 1P 
and 2P, respectively). Status of the reference treatment (0P) was normalized to 100 to allow 
comparison on a com m on base. The downward-pointing vectors (Shift F in Fig. 2) indicate 
that addition of P induced Zn and Cu deficiency. The upward-pointing vectors (shift E if 
Fig. 2) indicate excess uptake of P at higher P dose levels presumably because of stunted 
growth (i.e. concentration effect). Adapted from Teng and Timmer (1990a).  
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4.2.6 Nutrient allocation patterns 
Vector diagnosis can also be used to study nutrient allocation patterns in plants, as was 
demonstrated by Imo and Timmer (1992b) with mesquite seedlings under differing 
fertilization regimes (Fig. 10). In this trial, leaf N status was markedly higher than in roots 
and stem (downward-pointing vectors in Fig. 8) presumably because of the higher 
physiological importance of the leaves. Apparently, stem biomass increased while N content 
and concentration declined in stems (Fig. 10), indicating nutrient depletion (Shift G, Fig. 2) 
probably because of retranslocation to the leaves. Malik and Timmer (1998) also used this 
diagnostic approach to study nutrient retranslocation in nutrient loaded and non-loaded 
black spruce seedlings planted on competitive boreal mixedwood forest sites. Thus, vector 
diagnosis approach can be used to study effects of different management regimes on both 
plant nutrient allocation and retranslocation processes.  
 
 
Fig. 10. Relative dry m ass and N com position of components of mesquite seedlings 
cultured under single dose (s), constant top dressing (c), pure exponential (e), and modified 
exponential (me) fertilization schedules at final harvest. Leaf status for each treatment was 
normalized to 100. Vectors reflect relative change in dry m ass and nutrient com position of 
the stem or root when compared to the leaf, and indicate N concentration and content were 
higher for leaf than both the stem (except 'm e' treatment) and roots. Notice that both N 
content and concentration in the stem declined despite increase in growth (except 'me' 
fertility regime), indicating N depletion from the stem (Shift G, Fig. 2) that is usually 
associated with nutrient retranslocation (adapted from Imo and Timmer, 1992b). 
5. Practical applications: characterization of soil fertility targets 
As indicated at the start of this chapter, poor diagnosis of soil fertility and crop response to 
soil fertility changes has been identified a major cause of poor soil fertility management in 
many cropping systems.  Although mineral nutrition is a critical aspect of crop production 
and quality, precise diagnosis of soil and plant nutrient status has received little attention 
tropical agriculture. Current trends reflect increased interest to use fertilizers in cropping 
systems in order to improve the nutritional quality of field crops, but recommended 
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systems in order to improve the nutritional quality of field crops, but recommended 
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guidelines are relatively unavailable for quantifying and characterizing fertility targets in 
these systems. 
Timmer (1997) proposed a conceptual fertilizer dose response model that can be used to 
quantify and characterize fertility targets in cropping systems, which has since been re-
configured to indicate how plant growth and nutrient status will increase with increasing 
fertilization, and distinguishes nutrient deficiency, sufficiency, luxury consumption and 
toxicity responses in plants (Fig. 11; Salifu and Timmer 2003). Traditionally based on 
biomass or yield parameters alone, this model has been re-configured to include nutrient 
uptake and nutrient concentration as well in order to improve its diagnostic capacity, thus 
allowing precise diagnosis of crop responses to soil fertility regimes (Salifu and Timmer 
2003, Fig. 11). The application of this model been validated across a broad spectrum of soil 
N fertility ranging from nutrient deficiency to toxicity in conifer production systems (Salifu 
and Timmer, 2003; Salifu and Jacobs, 2006). Although this model has yet to be tested under 
multi-element interaction scenarios and various cropping systems and environmental 
conditions, the theoretical foundations as elaborated in Section 3 above makes the model 
promising for general applications. 
 
 
Fig. 11. Plant growth and nutrient status conform to a curvilinearpattern with increased 
fertilization, but artitioned here into phases to distinguish nutrient deficiency, sufficiency, 
luxury uptake and toxicity. Fertilizer (f) supplements native fertility (n) to avert nutrient 
deficiency to maximize growth at sufficiency. Extra high fertilization or nutrient loading (l) 
induces luxury uptake in excess of growth demand, which are stored as reserves for later 
utilization. Excess fertilization (e) may induce toxicity signified by diminished plant growth 
and N content at increasing tissue N concentration (adapted from Salifu and Timmer 2003a; 
Salifu and Jacobs, 2006). 
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Principally, this model can help quantify and define target rates (n, f, l and e, Fig. 11) for 
production of field crops (e.g. Cheaїb et al 2005). The model shows that fertilizer (f) is 
usually added to supplement native fertility (n) in order to avert nutrient deficiency to 
maximize growth at sufficiency. Any extra higher fertilization induces luxury uptake in 
excess of growth demand and nutrients are stored as reserves (i.e. nutrient loading, [l]) for 
later utilization. Excess fertilization (e) may induce toxicity, often indicated by decreased 
plant growth and N content but elevated tissue nutrient concentration. Such higher internal 
nutrient reserves acquired during nutrient loading have been shown to correlate well with 
improved field performance of tree seedlings (Salifu and Timmer 2003b; Malik and Timmer 
1998). This simple model has been used to adapt the concept of steady-state nutrition to soil-
based seedling culture by developing fertilizer delivery models which effectively induce 
steady state nutrition (Marney et al. 2010) 
6. Conclusions 
Diagnosis of nutritional status in cropping systems is complex given the many biochemical, 
physiological, ecological, socio-cultural and economic factors that determine the productivity 
of the target systems. The often used visual and mathematical models may not be adequate to 
prescribe and recommend processes for and visual methods are unlikely to confirm nutritional 
status of any cropping system. Vector nutrient diagnosis is an insightful tool for elucidating 
plant growth and nutritional responses to different cultural treatments such as fertilization and 
irrigation. The method also allows detection and isolation of possible nutritional effects 
associated with growth responses, namely: dilution and concentration effects, nutrient 
imbalances and interactions, and nutrient allocation patterns and retranslocation.  
Originally conceived by Timmer and Stone (1978), vector nutrient diagnosis has been used 
widely to diagnose nutrient limitations (e.g. Joslin and Wolfe 1994; Moran and Moran 1998; 
Labrecqueet et al. 1998), explain silvicultural responses (e.g. MacDonald et al. 1998), and to 
assess nutrient supply from added mulch to crops in agroforestry (e.g. Anthofer et al. 1997; 
Yobterik et al. 1994). Some authors have also used the technique in a modified graphical 
form at by plotting concentration on the y-axis and growth on the x-axis, following the same 
diagnostic interpretations shown in Fig. 2 (e.g. Binkley et al. 1995; Valentine and Allen 1990).  
The technique has been reviewed extensively (Haase and Rose 1995; Timmer 1991), and is 
also described as a standard tool for soil fertility evaluation and nutrient diagnosis in several 
text books (for example Binkley 1986; Black 1993; Fageria et al. 1991; Kimmins 1996; Pritchett 
and Fisher 1987; Weetman and Wells 1990). The general conclusion from these reviews is 
that the technique is relatively simple, reliable, comprehensive, flexible, and practical in 
application as compared to other diagnostic techniques.   
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guidelines are relatively unavailable for quantifying and characterizing fertility targets in 
these systems. 
Timmer (1997) proposed a conceptual fertilizer dose response model that can be used to 
quantify and characterize fertility targets in cropping systems, which has since been re-
configured to indicate how plant growth and nutrient status will increase with increasing 
fertilization, and distinguishes nutrient deficiency, sufficiency, luxury consumption and 
toxicity responses in plants (Fig. 11; Salifu and Timmer 2003). Traditionally based on 
biomass or yield parameters alone, this model has been re-configured to include nutrient 
uptake and nutrient concentration as well in order to improve its diagnostic capacity, thus 
allowing precise diagnosis of crop responses to soil fertility regimes (Salifu and Timmer 
2003, Fig. 11). The application of this model been validated across a broad spectrum of soil 
N fertility ranging from nutrient deficiency to toxicity in conifer production systems (Salifu 
and Timmer, 2003; Salifu and Jacobs, 2006). Although this model has yet to be tested under 
multi-element interaction scenarios and various cropping systems and environmental 
conditions, the theoretical foundations as elaborated in Section 3 above makes the model 
promising for general applications. 
 
 
Fig. 11. Plant growth and nutrient status conform to a curvilinearpattern with increased 
fertilization, but artitioned here into phases to distinguish nutrient deficiency, sufficiency, 
luxury uptake and toxicity. Fertilizer (f) supplements native fertility (n) to avert nutrient 
deficiency to maximize growth at sufficiency. Extra high fertilization or nutrient loading (l) 
induces luxury uptake in excess of growth demand, which are stored as reserves for later 
utilization. Excess fertilization (e) may induce toxicity signified by diminished plant growth 
and N content at increasing tissue N concentration (adapted from Salifu and Timmer 2003a; 
Salifu and Jacobs, 2006). 
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Principally, this model can help quantify and define target rates (n, f, l and e, Fig. 11) for 
production of field crops (e.g. Cheaїb et al 2005). The model shows that fertilizer (f) is 
usually added to supplement native fertility (n) in order to avert nutrient deficiency to 
maximize growth at sufficiency. Any extra higher fertilization induces luxury uptake in 
excess of growth demand and nutrients are stored as reserves (i.e. nutrient loading, [l]) for 
later utilization. Excess fertilization (e) may induce toxicity, often indicated by decreased 
plant growth and N content but elevated tissue nutrient concentration. Such higher internal 
nutrient reserves acquired during nutrient loading have been shown to correlate well with 
improved field performance of tree seedlings (Salifu and Timmer 2003b; Malik and Timmer 
1998). This simple model has been used to adapt the concept of steady-state nutrition to soil-
based seedling culture by developing fertilizer delivery models which effectively induce 
steady state nutrition (Marney et al. 2010) 
6. Conclusions 
Diagnosis of nutritional status in cropping systems is complex given the many biochemical, 
physiological, ecological, socio-cultural and economic factors that determine the productivity 
of the target systems. The often used visual and mathematical models may not be adequate to 
prescribe and recommend processes for and visual methods are unlikely to confirm nutritional 
status of any cropping system. Vector nutrient diagnosis is an insightful tool for elucidating 
plant growth and nutritional responses to different cultural treatments such as fertilization and 
irrigation. The method also allows detection and isolation of possible nutritional effects 
associated with growth responses, namely: dilution and concentration effects, nutrient 
imbalances and interactions, and nutrient allocation patterns and retranslocation.  
Originally conceived by Timmer and Stone (1978), vector nutrient diagnosis has been used 
widely to diagnose nutrient limitations (e.g. Joslin and Wolfe 1994; Moran and Moran 1998; 
Labrecqueet et al. 1998), explain silvicultural responses (e.g. MacDonald et al. 1998), and to 
assess nutrient supply from added mulch to crops in agroforestry (e.g. Anthofer et al. 1997; 
Yobterik et al. 1994). Some authors have also used the technique in a modified graphical 
form at by plotting concentration on the y-axis and growth on the x-axis, following the same 
diagnostic interpretations shown in Fig. 2 (e.g. Binkley et al. 1995; Valentine and Allen 1990).  
The technique has been reviewed extensively (Haase and Rose 1995; Timmer 1991), and is 
also described as a standard tool for soil fertility evaluation and nutrient diagnosis in several 
text books (for example Binkley 1986; Black 1993; Fageria et al. 1991; Kimmins 1996; Pritchett 
and Fisher 1987; Weetman and Wells 1990). The general conclusion from these reviews is 
that the technique is relatively simple, reliable, comprehensive, flexible, and practical in 
application as compared to other diagnostic techniques.   
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Tillage Effects on Soil Health and Crop 
Productivity: A Review 
Peeyush Sharma and Vikas Abrol  
Dryland Research Sub Station, Rakh Dhiansar,  
SKUAST- Jammu 181 1 33 
India 
1. Introduction  
The greatest challenge to the world in the years to come is to provide food to burgeoning 
population, which would likely to rise 8,909 million in 2050. The scenario would be more 
terrible, when we visualize per capita availability of arable land (Fig 1). The growth rate in 
agriculture has been the major detriment in world food production. It has been declining 
since past three decades. 
 
 
Fig. 1. Decline in arable land per capita in several countries over thirty-year period between 
1975 and 2005.  
The cultivation of agricultural soils has until recently predominantly been achieved by 
inverting the soil using tools such as the plough. Soil tillage is one of the basic and 
important components of agricultural production technology. Various forms of tillage are 
practised throughout the world, ranging from the use of simple stick or jab to the 
sophisticated para-plough. The practices developed, with whatever equipment used, can 
be broadly classified into no tillage, minimum tillage, conservation tillage and 
conventional tillage. Energy plays a key role in the various tillage systems. Soil tillage is 
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defined as physical, chemical or biological soil manipulation to optimize conditions for 
germination, seedling establishment and crop growth (Lal, 1979a, 1983). Ahn and Hintze 
(1990), however, defined it as any physical loosening of the soil carried out in a range of 
cultivation operations, either by hand or mechanized. For any given location, the choice of 
a tillage practice will depend on one or more of the following factors (Lal 1980; Unger 
1984): i) Soil factors includes Relief, Erodibility, Erosivity, Rooting depth, Texture and 
structure, Organic-matter content & Mineralogy ; ii) Climatic factors includes Rainfall 
amount and distribution, Water balance, Length of growing season, Temperature 
(ambient and soil), Length of rainless period; iii) Crop factors includes Growing duration, 
Rooting characteristics, Water requirements, Seed ; Socio-economic factors includes  Farm 
size, Availability of a power source, Family structure and composition, Labour situation. 
Tillage is a labour-intensive activity in low-resource agriculture practised by small land-
holders, and a capital and energy-intensive activity in large-scale mechanized farming 
(Lal 1991). Continual soil inversion can in some situations lead to a degradation of soil 
structure leading to a compacted soil composed of fine particles with low levels of soil 
organic matter (SOM). Such soils are more prone to soil loss through water and wind 
erosion eventually resulting in desertification, as experienced in USA in the 1930s (Biswas, 
1984). This process can directly and indirectly cause a wide range of environmental 
problems. The conventional soil management practices resulted in losses of soil, water 
and nutrients in the field, and degraded the soil with low organic matter content and a 
fragile physical structure, which in turn led to low crop yields and low water and 
fertilizer use efficiency (Wang et al. 2007). Therefore, scientists and policy makers put 
emphasis on conservation tillage systems. Compared to conventional tillage, there are 
several benefits from conservation tillage such as economic benefits to labor, cost and time 
saved, erosion protection, soil and water conservation, and increases of soil fertility (Uri et 
al. 1998, Wang and Gao 2004) 
Conservation tillage (reduced tillage) can lead to important improvements in the water 
storage in the soil profile (Pelegrín, 1990; Moreno et al., 1997, 2001). Tillage operations 
generally loosens the soil, decreases soil bulk density and penetration resistance by 
increasing soil macroporosity. Under these conditions, improvements were also obtained in 
crop development and yield, especially in very dry years (Pelegrín et al., 1990; Murillo et al., 
1998, 2001). Mahboubi et al (1993) in a 28 years long term experiment found that no-tillage 
resulted in higher saturated hydraulic conductivity compared with conventional tillage on a 
silt loam soil in Ohio. Whereas, Chang and Landwell (1989) did not observe any changes in 
saturated hydraulic conductivity after 20 years of tillage in a clay loam soil in Alberta. 
Saturated hydraulic conductivity of silt clay loam soil was higher when subject to 10 years of 
tillage than no-tillage in Indiana (Heard et al., 1988). They attributed the higher hydraulic 
conductivity of tilled soil to greater number of voids and abundance soil macropores caused 
by the tillage implementation. Studies comparing no-tillage with conventional tillage 
systems have given different results for soil bulk density. (Osunbitan et al., 2005) found that 
soil bulk density was greater in no-till in the 5 to 10 cm soil depth however Logsdon et al., 
(1999) reported no differences in bulk density between tillage systems. The ambiguous 
nature of these research findings call for additional studies of the effect of long-term tillage 
on soil properties under various tillage practices in order to optimize productivity and 
maintain sustainability of soils.  
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Since tillage strongly influences the soil health, it is important to apply that type of 
technology that will make it feasible to sustain soil properties at a level suitable for normal 
growth of agriculture crop. Appropriate tillage practices are those that avoid the 
degradation of soil properties but maintain crop yields as well as ecosystem stability (Lal 
1981b, c, 1984b, 1985a; Greenland 1981). The best management practices usually involve the 
least amount of tillage necessary to grow the desired crop. This not only involves a 
substantial saving in energy costs, but also ensures that a resource base, namely the soil, is 
maintained to produce on a sustainable basis. 
2. Tillage effects on crop yield 
The effect of tillage systems on crop yield is not uniform with all crop species, in the same 
manner as various soils may react differently to the same tillage practice. Murillo et al., 
(2004) compared the traditional tillage, TT (the soil was ploughed by mouldboard, to a 30 
cm depth, after burning the straw of the preceding crop) and conservation tillage, CT (the 
residues of the previous crop were left on the soil surface, as mulch, and a minimum vertical 
tillage (chiseling, 25 cm depth) and disc harrowing (5 cm depth) were carried out. Results 
revealed that crops yield was higher in CT (Table 1) 
 
Crop Treatment Thousand kernel weight (g) Yield  (kg ha–1) 
Sunflower CT 54.5 >2,000 
 TT 56.0 >2,000 
Wheat CT 47.3 3,094 
 TT 46.6 2,517 
Table 1. Effect of tillage on crop yield  
Results presented by Nicou and Charreau (1985) showed the effect of tillage on yields of 
various crops in the West African semi-arid tropics (Table 2). Cotton showed the smallest 
yield increase with tillage within the range of crops tested. Tillage effects in semi-arid zones 
are closely linked to moisture conservation and hence the management of crop residues. 
Several authors (Unger et al.1991; Larson 1979; Brown et al. 1989; Thomas et al. 1990, 
Sharma et al. 2009) emphasize the link between crop residue management and tillage and 
recognize them as the two practices with major impact on soil conservation in the semi-arid 
zones. Residue retention in a cropping system in Burkina Faso significantly increased the 
yield of cowpeas as shown in Table 3 (IITA/SAFGRAD 1985). 
 
Crop Number of annual results Yield (kg ha
-1) Yield increase (%) control with tillage 
Millet 38 1558 1894 22 
Sorghum 86 1691 2118 25 
Maize 31 1893 2791 50 
Rice 20 1164 2367 103 
Cotton 28 1322 1550 17 
Groundnut 46 1259 1556 24 
Table 2. Effect of tillage on crop yields in the West African semi-arid tropics  
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defined as physical, chemical or biological soil manipulation to optimize conditions for 
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generally loosens the soil, decreases soil bulk density and penetration resistance by 
increasing soil macroporosity. Under these conditions, improvements were also obtained in 
crop development and yield, especially in very dry years (Pelegrín et al., 1990; Murillo et al., 
1998, 2001). Mahboubi et al (1993) in a 28 years long term experiment found that no-tillage 
resulted in higher saturated hydraulic conductivity compared with conventional tillage on a 
silt loam soil in Ohio. Whereas, Chang and Landwell (1989) did not observe any changes in 
saturated hydraulic conductivity after 20 years of tillage in a clay loam soil in Alberta. 
Saturated hydraulic conductivity of silt clay loam soil was higher when subject to 10 years of 
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conductivity of tilled soil to greater number of voids and abundance soil macropores caused 
by the tillage implementation. Studies comparing no-tillage with conventional tillage 
systems have given different results for soil bulk density. (Osunbitan et al., 2005) found that 
soil bulk density was greater in no-till in the 5 to 10 cm soil depth however Logsdon et al., 
(1999) reported no differences in bulk density between tillage systems. The ambiguous 
nature of these research findings call for additional studies of the effect of long-term tillage 
on soil properties under various tillage practices in order to optimize productivity and 
maintain sustainability of soils.  
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Since tillage strongly influences the soil health, it is important to apply that type of 
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least amount of tillage necessary to grow the desired crop. This not only involves a 
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residues of the previous crop were left on the soil surface, as mulch, and a minimum vertical 
tillage (chiseling, 25 cm depth) and disc harrowing (5 cm depth) were carried out. Results 
revealed that crops yield was higher in CT (Table 1) 
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Maize 31 1893 2791 50 
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Maize  Residues removed 48.7 71.2 436 
Crotalaria Residues retained 46.6 69.2 918 
Maize Residues retained 45.7 68.5 921 
LSD (0.05)  1.6 1.0 175 
1No tillage in all treatments 2 Number of days after planting 
Table 3. Effect of cropping sequence and residue management on cowpea reproductive 
physiology and grain yield in the Sudan Savannah of Burkina Faso  
It is evident from the extensively  published data on tillage that crop yields under 
conventional tillage are superior to those under conservation tillage. However, several other 
studies show contradictory results. In both cases the economics of the tillage input are not 
considered, namely energy and labour costs as well as capital investment in equipment. 
Underwood et al. 1984; Frengley 1983 and Stonehouse 1991 observed conservation tillage 
superior and a more cost effective farming practice than conventional tillage on some soils 
and under certain climatic conditions. Although conservation tillage is being widely 
adopted, there is strong evidence that soils prone to surface crusting and sealing would 
benefit from conventional tillage once every 2 or 3 years. Rao et al. (1986)  found that 
conventional tillage is superior to no tillage, reduced tillage or mulching with a number of 
crops - sun hemp (Crotalaria juncea), barley (Hordeum vulgare), mustard (Brassica juncea) and 
chickpea (Cicer arietinum) grown in the dry season. Nicou (1977) and Charreau (1972; 1977) 
showed that soil inversion and deep ploughing increases plant-available water and crop 
yields as compare to the no tillage in West African semi-arid regions. Similar data showing 
greater responses to tillage than no tillage or greatly reduced tillage were reported by 






Grain Yield of Maize (kgha-1)  Grain Yield of Wheat (kgha-1) 
CT MT  NT RB Mean CT MT  NT RB Mean 
No Mulch (NM) 1370 1365 1246 1255 1308 1080 1063 930 1025 1024 
Straw Mulch 
(StM) 
2020 1990 1776 1896 1920 1410 1430 1210 1335 1346 
Polythene Mulch 
(PM) 
2183 2137 1930 2007 2065 1505 1510 1360 1450 1456 
Soil Mulch (SM) 1890 1860 1730 1851 1832 1320 1360 1110 1265 1263 
Mean 1865 1837 1670 1752  1328.7 1340 1152 1268  
CD (P=0.05) M=150    
S=180   
M at S=160 
S at M=253 
M=145 
S=193 
M at S=301 
S at M= NS 
Where Conventional tillage (CT), Minimum Tillage (MT), No Tillage (NT), Raised Bed (RB); M= Tillage 
Treatments, S= mulching Treatments, M at S= Interaction of tillage on same level of Mulch, S at M= 
Interaction of Mulch on same level of tillage (Sharma et al. 2011) 
Table 4. Effect of tillage and mulching on grain yield of Maize and Wheat in semi arid 
tropics, India (Average of three years) 
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Sharma et al. (2011) reported that the greatest maize yield of 1865 kgha-1 was achieved with 
conventional tillage (CT) system while not significantly lower yield was achieved with 
minimum tillage (MT) system (1837 kgha-1). However, higher wheat yield was recorded in 
MT as compare to the CT in maize –wheat rotation (Table 4).   
3. Tillage effects on soil properties 
3.1 Tillage effects on soil degradation 
Soil erosion has conventionally been perceived as one of the main causes of land degradation and the 
main reason for declining yields in tropical regions. Intensive or inappropriate tillage 
practices have been a major contributor to land degradation. The last four decades has seen 
a major increase in intensive agriculture in the bid to feed the world population more 
efficiently than ever before. In many countries, particularly the more developed countries, 
this intensification of agriculture has led to the use of more and heavier machinery, 
deforestation and landuse changes in favour of cultivation. This has led to several problems 
including loss of organic matter, soil compaction and damage to soil physical properties. 
Soil tillage breaks down aggregates, decomposes soil organic matter, pulverizes the soil, 
breaks pore continuity and forms hard pans which restrict water and air movement and root 
growth. On the soil surface, the powdered soil is more prone to sealing, crusting and 
erosion. Improving soil physical fertility involves reducing soil tillage to a minimum and 
increasing soil organic matter (Fig. 2). 
 
 
Fig. 2. Physical degradation of a soil as a result of intensive tillage 
Tillage-induced soil erosion in developing countries can entail soil losses exceeding 150 
t/ha-1. annually and soil erosion, accelerated by wind and water, is responsible for 40 
percent of land degradation world-wide. Several more recent studies have shown that no-
tillage systems with crop residue mulch can increase nutrient use efficiency (Lal 1979a, b, c; 
Hulugalle et al. 1985). The no-till system seems to have a broad application in humid and 
sub-humid regions, for which 4-6 tons ha-1 of residue mulch appears optimal (Lal 1975; Aina 
et al. 1991). The beneficial effect of conservation tillage systems on soil loss and runoff have 
been demonstrated in studies conducted by ICRISAT (1988) and Mensah bonus and Obeng 
(1979) (Table 5 & 6). 
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Sharma et al. (2011) reported that the greatest maize yield of 1865 kgha-1 was achieved with 
conventional tillage (CT) system while not significantly lower yield was achieved with 
minimum tillage (MT) system (1837 kgha-1). However, higher wheat yield was recorded in 
MT as compare to the CT in maize –wheat rotation (Table 4).   
3. Tillage effects on soil properties 
3.1 Tillage effects on soil degradation 
Soil erosion has conventionally been perceived as one of the main causes of land degradation and the 
main reason for declining yields in tropical regions. Intensive or inappropriate tillage 
practices have been a major contributor to land degradation. The last four decades has seen 
a major increase in intensive agriculture in the bid to feed the world population more 
efficiently than ever before. In many countries, particularly the more developed countries, 
this intensification of agriculture has led to the use of more and heavier machinery, 
deforestation and landuse changes in favour of cultivation. This has led to several problems 
including loss of organic matter, soil compaction and damage to soil physical properties. 
Soil tillage breaks down aggregates, decomposes soil organic matter, pulverizes the soil, 
breaks pore continuity and forms hard pans which restrict water and air movement and root 
growth. On the soil surface, the powdered soil is more prone to sealing, crusting and 
erosion. Improving soil physical fertility involves reducing soil tillage to a minimum and 
increasing soil organic matter (Fig. 2). 
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Tillage-induced soil erosion in developing countries can entail soil losses exceeding 150 
t/ha-1. annually and soil erosion, accelerated by wind and water, is responsible for 40 
percent of land degradation world-wide. Several more recent studies have shown that no-
tillage systems with crop residue mulch can increase nutrient use efficiency (Lal 1979a, b, c; 
Hulugalle et al. 1985). The no-till system seems to have a broad application in humid and 
sub-humid regions, for which 4-6 tons ha-1 of residue mulch appears optimal (Lal 1975; Aina 
et al. 1991). The beneficial effect of conservation tillage systems on soil loss and runoff have 
been demonstrated in studies conducted by ICRISAT (1988) and Mensah bonus and Obeng 
(1979) (Table 5 & 6). 
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10 cm deep traditional 
ploughing 
2.52 128 1.66 
15 cm non inverted 
primary tillage 
2.83 102 1.62 
15 cm deep 
mouldboard ploughing 
2.76 106 1.70 
25 cm deep 
mouldboard ploughing 
3.22 85 1.41 
S.E +0.07 +4.9 +0.279 
1Average values of four years (1983, 1984, 1986 and 1987) 2 Average values of 1986 and 1987 
Table 5. Effect of different tillage treatments on sorghum grain yield, runoff and soil loss 
under Luvisols (ICRISAT Centre 1983-1987)  
 
Treatment Soil loss (t ha-1yr-1) Runoff (%) 
Kwadaso Ejura Kwadaso Ejura 
Bare fallow 313.0 18.3 49.8 36.4 
No-tillage 1.96 9.2 3.4 0.52 
Mulching 0.42 1.9 1.4 0.33 
Ridging (across 
slope) 
2.72 4.5 1.9 1.30 
Minimum tillage 4.90 3.8 1.7 1.10 
Traditional 
mixed cropping 
33.6 2.5 13.2 5.10 
Table 6. Effects of tillage systems on soil loss and runoff in Ghana (1976) 
3.2 Tillage effects on water content 
Tillage effects differ from one agro-ecological zone to the other. In semi-arid regions 
moisture conservation is one of the key factors to consider. Nicou and Chopart (1979) 
showed that tillage and residue management increased  soil profile water content. The soil 
was mechanically tilled to a depth of 20-30 cm (Table 7). 
 
Tillage system Profile water content (mm) 
No till, residues burnt  49.4 
Ploughing, residues incorporated 95.8 
Ploughing, residues incorporated followed 
by addition of external mulch 
103.7 
Table 7.Effect of tillage system on profile water content to a depth of 1 m at 2 weeks after 
planting  
Sharma et al. (2011) showed that the no tillage retained the highest moisture followed by 
minimum tillage, raised bed and conventional tillage in inceptisols under semi arid regions 
of India (Fig 3). Tillage treatments influenced the water intake and infiltration rate (IR) 
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increased in the order of NT > MT > RB > CT and in mulching treatment the order was PM 
> StM > SM > NM. The maximum mean value of IR (182.4 mm/day) was obtained in case of 
no tillage and polythene mulch combination and minimum (122.4 mm/day) was recorded 
in CT and no mulch combination (Fig 4). 
 
Fig. 3. Effect of tillage & water management practices on soil water content at harvesting of 
maize (3 years average), were, CT=Conv. Till., MT=Min. Till., NT=No Till., RB=Raised bed, 
NM=No Mulch, StM=Straw mulch, PM=Polythene Mulch and SM=Soil Mulch 
 
 
CD (P=0.05), M=9.6, S=5.52, M at S=14.4, Sat=NS, where, M=Till. Treats.; S= Mulch Treats 
Fig. 4. Several researchers also show the importance of tillage on soil moisture (Lal 1977; 
Klute 1982; Norwood et al. 1990). Tillage enhances soil water storage by increasing soil 
surface roughness and controlling weeds during a fallow. This stored water may improve 
subsequent crop production by supplementing growing season precipitation (Unger and 
Baumhardt, 1999). Several studies shown that deep tillage has immense potential for water 
storage and better crop production. Schillinger (2001) and Lampurlanes et al. (2002) 
observed no difference in water storage efficiency of reduced tillage in comparison with 
other tillage systems. 
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increased in the order of NT > MT > RB > CT and in mulching treatment the order was PM 
> StM > SM > NM. The maximum mean value of IR (182.4 mm/day) was obtained in case of 
no tillage and polythene mulch combination and minimum (122.4 mm/day) was recorded 
in CT and no mulch combination (Fig 4). 
 
Fig. 3. Effect of tillage & water management practices on soil water content at harvesting of 
maize (3 years average), were, CT=Conv. Till., MT=Min. Till., NT=No Till., RB=Raised bed, 
NM=No Mulch, StM=Straw mulch, PM=Polythene Mulch and SM=Soil Mulch 
 
 
CD (P=0.05), M=9.6, S=5.52, M at S=14.4, Sat=NS, where, M=Till. Treats.; S= Mulch Treats 
Fig. 4. Several researchers also show the importance of tillage on soil moisture (Lal 1977; 
Klute 1982; Norwood et al. 1990). Tillage enhances soil water storage by increasing soil 
surface roughness and controlling weeds during a fallow. This stored water may improve 
subsequent crop production by supplementing growing season precipitation (Unger and 
Baumhardt, 1999). Several studies shown that deep tillage has immense potential for water 
storage and better crop production. Schillinger (2001) and Lampurlanes et al. (2002) 
observed no difference in water storage efficiency of reduced tillage in comparison with 
other tillage systems. 
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3.3 Tillage effects on porosity 
Soil porosity characteristics are closely related to soil physical behavior, root penetration 
and water movement (Pagliai and Vignozzi 2002, Sasal et al. 2006) and differ among tillage 
systems (Benjamin 1993). Lal et al. (1980) revealed that straw returning could increase the 
total porosity of soil while minimal and no tillage would decrease the soil porosity for 
aeration, but increase the capillary porosity; as a result, it enhances the water capacity of soil 
along with poor aeration of soil (Wang et al.1994, Glab and Kulig 2008). However, Borresen 
(1999) found that the effects of tillage and straw treatments on the total porosity and 
porosity size distribution were not significant. Allen et al. (1997) indicated that minimal 
tillage could increase the quantity of big porosity. Tangyuan, et al. (2009) showed that the 
soil total porosity of 0–10 soil layer was mostly affected; conventional tillage can increase the 
capillary porosity of soil and the porosities were C > H > S (Figure 5) but the non-capillary 








Where, Conventional tillage (C), Zero-tillage (Z), Harrow-tillage (H) and Subsoil-tillage (S),  
Straw absent (A) or Straw present (P) 
Fig. 5. Tillage and residue management effect on soil porosity 
The increase in plant available water capacity of the soil under different tillage treatments 
was found to decrease with an increase in the level of compaction. Because compaction 
results in the breaking down of larger soil particle aggregates to smaller ones, it is difficult 
for water to drain out of the soils because of the greater force of adhesion between the 
micropores and soil water. For the same tillage treatment, the effect of increasing the axle 
load upon a soil is to decrease the total porosity and to increase the percentage of smaller 
pores as some of the originally larger pores have been squeezed into smaller ones by 
compaction (Hamdeh, 2004) (Fig 6). 
 




Fig. 6. Water retention curves for different axle load levels and different tillage system 
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3.3 Tillage effects on porosity 
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Where, Conventional tillage (C), Zero-tillage (Z), Harrow-tillage (H) and Subsoil-tillage (S),  
Straw absent (A) or Straw present (P) 
Fig. 5. Tillage and residue management effect on soil porosity 
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3.4 Tillage effects on bulk density 
The two of the most commonly measured soil physical properties affecting hydraulic 
conductivity are the soil bulk density and effective porosity as these two properties are also 
fundamental to soil compaction and related agricultural management issues (Strudley et al. 
2008). The studies comparing no-tillage with conventional tillage systems have given 
different results for soil bulk density. Several studies showed that soil bulk density was 
greater in no-till in the 5 to 10 cm soil depth (Osunbitan et al. 2005). No differences in bulk 
density were found between tillage systems (Logsdon et al. 1999). However Tripathi et al. 
(2005) found increase in bulk density with conventional tillage in a silty loam soil. 
Moreover, there are few studies that have examined changes in soil physical properties in 
response to long term tillage and frequency management (> 20 yr) in the northern Great 
Plains. Rashidi and Keshavarzpour (2008) observed that the highest soil bulk density of 1.52 
g cm-3 was obtained for the NT treatment and lowest (1.41 g cm-3) for the CT treatment 
(Table 8). The highest soil penetration resistance of 1250 kPa was obtained for the NT 
treatment and lowest (560 kPa) for the CT treatment (Table 8). The highest soil moisture 
content of 19.6% was obtained for the CT treatment and lowest (16.8%) for the NT treatment 
. 
 
Treatments  Soil bulk 
density (gcm-3)  
Soil penetration 
resistance (kPa)  
Soil moisture 
content (%)  
CT  1.41 c  560 c  19.6 a  
RT  1.47 b  815 b  18.4 b  
MT  1.50 ab  1105 a  17.1 c  
NT  1.52 a  1250 a  16.8 c  
CT=Conv. Till., RT=Reduced till., MT=Minimum Till., NT=No till. 
Table 8. Effect of different tillage treatments on soil physical properties (mean of 2006 and 
2007). Means followed by the same letter in the same column are not significantly different 
at the 1% level 
Hamdeh, 2004 reported that, the vehicle significantly increased soil dry density to a depth of 
40 cm for all treatments at 10 cm depth. The MB treatment caused the maximum percentage 
increase of dry bulk density at all depths. This indicated the significant effects of axle load 
on soil physical properties. The percentage difference for each treatment was less at the 10-
20 cm depth than at the 0-10 cm depth. These results reflect a more compact soil layer at the 
0-10 cm depth than at the 10-20 cm depth. The averages of percentage increase of dry 
density at the 0-20 cm depth show that the MB treatment had the highest effect while the CS 
treatment had the lowest effect. These results suggested that tyre traffic followed by tillage 
might have a significant affect on the resulting soil physical properties. There is no 
significant difference (P < 0.1) between the ML and the CB at the 20-30 cm depth. At 20-40 
cm depth  MB treatment had the greatest percentage increase of dry bulk density while the 
CS treatment had the lowest percentage increase of dry bulk density. Results demonstrate 
that the axle load is crucial factor for the depth of subsoil compaction. An increase in axle 
wheel loads resulted in greater soil compaction due to increased in both shear and vertical 
soil stresses. 
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1Means followed by the same letter in the same column are not significantly different at the 5% level. 
Table 9. Effect of tillage practices on water use, maize yield and water-use efficiency (early 
season) (Osuji 1984) 
3.5 Tillage effects on water use efficiency 
Nigeria, Osuji (1984) observed that water-use efficiency and maize grain yields were 
significantly higher under zero tillage than under other tillage treatments (Table 9). Lal 
(1985c) showed that soil physical properties and chemical fertility were substantially worse 
in ploughed watersheds after six years of continuous mechanized farming and twelve crops 
of maize, while the decline in the soil properties was decidedly less in the no-tillage 
watershed. The lower maize yields of the ploughed watershed are related to erosion, 
compaction, fall in organic matter content and fall in pH. After 10 years of continuous 
comparative no-tillage and conventional tillage trails in Southwest Nigeria, Opara-Nadi and 
Lal (1986) observed that total porosity, moisture retention, saturated and unsaturated 
hydraulic conductivity, and the maximum water-storage capacity increased under no-tillage 
with mulch. 
3.6 Tillage effect on environment 
CT Tillage may affect the production of nitrous oxide through its effect on soil structural 
quality and water content (Ball et al., 1999). CT can prevent nutrient loss (Jordan et al. 2000) 
(Table 10). 
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Runoff (L ha-1) 213328 110275 48 % reduction 
Sediment loss (kg ha -1) 2045 649 68 % reduction 
Total P loss (kg P ha -1) 2.2 0.4 81 % reduction 
Available P loss (kg P ha-1) 3x 10-2 8 x 10-3 73 % reduction 
TON (mg Ns-1) 1.28 0.08 94 % reduction 
Soluble phosphate (ug Ps-1) 0.72 0.16 78 % reduction 
Isoproturon 0.011ugs-1 Not detected 100 % reduction 
Table 10. Effect of soil tillage on soil erosion and diffuse pollution  
Comparison of herbicide and nutrient emissions from 1991 to 1993 on a silty clay loam soil. 
Plots 12 m wide were established and sown with winter oats in 1991 followed by winter 
wheat and winter beans. De-nitrification in anaerobic soil and nitrification in aerobic soil 
produce nitrous oxide, with the former being more important. As soil structure improves, 
the potential for creating anaerobic conditions and nitrous oxide emissions is reduced (Arah 
et al., 1991). Intensive soil cultivations break-down SOM producing CO2 thereby lowering 
the total C sequestration held within the soil. Building SOM the adoption of CT, especially if 
combined with the return of crop residues, can substantially reduce CO2 emissions (West 
and Marland, 2002). In the UK, where CT was used soil C was 8% higher compared to 
conventional tillage, equivalent to 285g SOM m-2. In the Netherlands SOM was 0.5% higher 
using an integrated approach over 19 years, although this increase was also achieved 
because of higher inputs of organic matter (Kooistra et al., 1989). Murillo et al. (2004) in a 
long term experimentation, observed that in CT (0-10 cm depth) organic matter values have 
been reached close to the minimum content of 2% (1.1% organic C, Table 11) considered 
necessary for most agricultural practices carried out in European Occidental soils (Bullock, 
1997). These are indeed moderate values, and would not justify the implementation of 









0-5 CT 9.8* 9.3* 11.1* 
 TT 8.1 8.1 8.6 
5-10 CT 9.5* 9.6 10.2* 
 TT 8.1 8.5 8.3 
10-25 CT 6.5 5.9 8.5 
 TT 6.7 6.4 7.6 
25-40 CT - 4.4 6.9 
 TT - 5.0 6.1 
* Significant differences between treatments per year per depth 
Table 11. Mean values of organic carbon in the soil treated by conservation tillage and 
traditional tillage for the years 2001 sunflower and 2002 (wheat) 
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After 12 years of integrated farming incorporating CT, the SOM content was 25% higher at 
0–5 cm and overall from 0 to 30 cm, 20 % higher (El Titi, 1991). Similar increases in SOM in 
the upper surface layers were also found in a number of studies conducted throughout 
Scandinavia (Rasmussen, 1999, Paustian et al., 2000). With CT, there is a risk that SOM may 
be reduced below this surface layer, but no evidence for this was found in Sweden (Stenberg 
et al., 2000).The significant build up in SOC is well documented in long term experiments 
with conservation tillage.  
4. Strategies for mitigating challenges 
Conservation agriculture (CA) is a concept for resource-saving agricultural crop production 
that strives to achieve acceptable profits together with high and sustained production levels 
while concurrently conserving the environment. Interventions such as mechanical soil 
tillage are reduced to an absolute minimum and the use of external inputs such as 
agrochemicals and nutrients of mineral or organic origin are applied at an optimum level 
and in a way and quantity that does not interfere with or disrupt the biological processes. 
One of the soil conservation techniques developed in USA is known as ‘conservation 
tillage’(CT), this involves soil management practices that minimise the disruption of the 
soil’s structure, composition and natural biodiversity, thereby minimising erosion and 
degradation, but also water contamination (Anonymous, 2001). 
5. Principles of conservation agriculture 
Conservation agriculture systems utilize soils for the production of crops with the aim of 
reducing excessive mixing of the soil and maintaining crop residues on the soil surface in 
order to minimize damage to the environment. This is done with objective to: 
• Provide and maintain an optimum environment of the root-zone to maximum possible 
depth.  
• Avoid physical or chemical damage to roots that disrupts their effective functioning.  
• Ensure that water enters the soil so that (a) plants never or for the shortest time 
possible, suffer water stress that will limit the expression of their potential growth; and 
so that (b) residual water passes down to groundwater and stream flow, not over the 
surface as runoff.  
• Favour beneficial biological activity in the soil  
CT is now commonplace in areas where rainfall causes soil erosion or where preservation of 
soil moisture because of low rainfall is the objective. World-wide, CT is practised on 45 
million ha, most of which is in North and South America (FAO, 2001) but is increasingly 
being used in other semi-arid (Lal, 2000a) and tropical regions of the world (Lal, 2000b). In 
USA, during the 1980s, it was recognized that substantial environmental benefits could be 
generated through soil conservation and to take advantage of this policy goals were 
changed. These were successful in reducing soil erosion; however, the social costs of erosion 
are still substantial, estimated at $37.6 billion annually (Lal, 2001). World-wide erosion-
caused soil degradation was estimated to reduce food productivity by 18 million Mg at the 
1996 level of production (Lal, 2000b). Because of the increasing population and rising 
standards of living, it is essential to develop those agricultural practices that maximize 
agricultural production while also enhancing ecosystem services. Eco-efficiency is related to 
both “ecology” and “economy,” and denotes both efficient and sustainable use of resources 
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in farm production and land management (Wilkins, 2008). Experience has shown that 
conservation agriculture systems achieve yield levels as high as comparable conventional 
agricultural systems but with less fluctuations due, for example, to natural disasters such as 
drought, storms, floods and landslides. Conservation agriculture therefore contributes to 
food security and reduces risks for the communities (health, conditions of living, water 
supply), and also reduces costs for the State (less road and waterway maintenance).  
6. Conclusion 
Soils are one of the world’s most precious commodities. Continuing soil degradation is 
threatening food security and the livelihood of millions of farm households throughout the 
world. Soil types and their various reactions to tillage are of paramount importance in 
determining the superiority of one practice over the other. Socio-economic considerations, 
however, should always be taken into account in decision making for the adoption of one 
practice over another. Soil health refers to the soil’s capacity to perform its three principal 
functions e.g. economic productivity, environment regulation, and aesthetic and cultural 
values. There is a need to develop precise objective and quantitative indices of assessing 
these attributes of the soil. Training of professional staff must include developing their 
capacities in interdisciplinary collaboration and interpersonal relations. Research 
programmes and activities need to do more to address the real-life problems of farmers, and 
to include farmers in the design and implementation of programmes relevant to their needs. 
Research methodologies should be standardized and information dissemination should be 
an indispensable component of any common tillage network programme to be developed.  
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threatening food security and the livelihood of millions of farm households throughout the 
world. Soil types and their various reactions to tillage are of paramount importance in 
determining the superiority of one practice over the other. Socio-economic considerations, 
however, should always be taken into account in decision making for the adoption of one 
practice over another. Soil health refers to the soil’s capacity to perform its three principal 
functions e.g. economic productivity, environment regulation, and aesthetic and cultural 
values. There is a need to develop precise objective and quantitative indices of assessing 
these attributes of the soil. Training of professional staff must include developing their 
capacities in interdisciplinary collaboration and interpersonal relations. Research 
programmes and activities need to do more to address the real-life problems of farmers, and 
to include farmers in the design and implementation of programmes relevant to their needs. 
Research methodologies should be standardized and information dissemination should be 
an indispensable component of any common tillage network programme to be developed.  
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1. Introduction 
Agriculture is an important economic sector in Nigeria, although the country depends 
heavily on the oil industry for its budgetary revenues. Approximately 70 percent of the 
population engages in agricultural production at a subsistence level. Even though, the 
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order to make deductions on the efficiencies of the energies and suggestions on which 
energy sources or their combinations need to be used and at what levels. Also this would 
serve as a data bank for any related study. 
2. Energy input-output analysis in crop production 
Some studies on energy use and evaluation methods elsewhere were reported. Bridges and 
Smith (1979) developed a method for determining the total energy input for agricultural 
practices. The categories of energy considered were those of manufacture, transport and 
repairs (MTR), fuel and labour. Fluck (1985) also in his study developed two models to 
quantify energy sequestered in repairs and maintenance of agricultural machinery as 
compared with the energy input in new machinery. Energy use analysis from the literature 
have shown that different authors who used different methods for evaluating human 
energy reported several values of the energy content for manual labour. Hence, there is no 
universally accepted energy value of manual labour. However, for countries where 
agriculture is dominated by human energy, it is reasonable to adopt the value obtained by 
Norman (1978). Sustainable direct energy is required to perform various tasks related to 
crop production processes such as for land preparation, irrigation, harvest, post harvest 
processing, transportation of agricultural inputs and outputs. In other word, high level of 
direct energy such as fuel and electricity are needed to be used at farm for crop production 
(Alam et al., 2005; Hoeppner et al., 2006; Khambalkar et al., 2005; Kizilaslan, 2009). Unlike 
direct energy which is directly consumed at the farm, indirect energy is not directly 
consumed at the farm rather are the energy used in the manufacture, packaging and 
transport of fertilizers, seeds, machinery production and pesticides (Ozkan et al., 2004). The 
energy input for the crop production differs to a large extent from area to area and also 
depending on the level of mechanization. In modern crop production is characterized by the 
high input of fossil energy (fuel and electricity) which is consumed as direct energy and as 
indirect energy (fertilizers, pesticides, machinery, etc.). In some low-input farming systems, 
example in large areas of Africa, the energy input on arable land is lower than 1GJ ha-1, 
whereas in some modern high-input farming systems in west Europe, it can exceed 30GJ   
ha-1 (Pimentel, 2009; Reed et al., 1986). In the past decade, with increase in energy inputs in 
agriculture, an equivalent increase in crop yields occurred. Other studies have suggested 
that the energy use efficiency of our traditional cropping systems have been sharply going 
downward in recent years due to energy inputs increasing faster than energy output as a 
result of the growing dependency on inorganic fertilizers and fossil fuels (Hatirli et al., 2006; 
Jekayinfa & Bamgboye, 2007; Khambalkar et al., 2005). If the increase in the energy use in 
the agricultural industry continues, the only chance of producers to increase total output 
will be using more input as there is no chance to expand the size of arable lands. Under 
these circumstances, an input-output analysis provides planners and policy-makers an 
opportunity to evaluate economic interactions of energy use. 
3. Millet production  
Pearl millet (Pennisetum glaucum (L) R. Br.) is a cereal grain with good drought tolerance and 
hardiness widely grown in the hot and dry climates areas of arid and semi-arid regions of 
Africa and southern Asia. It is one of the four most important cereals crop (millets, sorghum, 
 
Energy Use Pattern in Millet Production in Semi-Arid Zone of Nigeria 265 
maize and rice) normally grown where rain fall is not sufficient (200-600 mm) for corn and 
sorghum. In 1995, the global production of millet exceeds 10 million tons per year in a total 
estimated area of 15 and 14 million hectares in Africa and Asia respectively. Millet 
production increased from 26 million tonnes in 1981 to 31 million tones in 1990 in Asia, 
Africa and the former USSR. The major millets producers’ nations in 1990 were India (15%), 
China (10%), Nigeria (65%) and the former USSR (10%) (FAO, 1996). Amongst different 
species of millet Worldwide, four are cultivated in Africa with Pearl millet-Pennisetum 
glaucum (L) R. Br., Finger millet-Eleusine coracana L. Gaertn.,  Teff millet-Eragrostis teff (Zucc) 
and Fonio millet-Digitaria exilis (acha) accounting for 76%, 21%, 1.8% and 0.8% of the total 
production respectively (Andrews & Kumar, 1992). In most countries of Africa and Asia, 
millets production is primarily for human consumption as staple food (78%) with other uses 
of less than 20%. In other countries like Mexico, Australia, Canada and the United State of 
America, pearl millet is grown as a forage crop for livestock production. Future trends 
indicate that millet crop production will increase globally because of the increase in number 
of millet consumers. However, the production of millets is still at subsistence level by 
smaller scale farmers (0.5-5 hectare farm size) in most part of the Africa. Furthermore, millet 
crops remain the key sources for food security and energy for about 250 million people in 
sub-Saharan Africa. Meanwhile, the millets crop production areas in this region of sub-
Saharan Africa coincide with where most of the poor people live. This coincidence has a 
significant effect on these poor people to their socio-economic, food/shelter, health and 
environment. In Nigeria, like any of the sub-Saharan African countries, millet is produced in 
rid and semi-arid drought-prone northern part by the low income earners farmers. 
Sufficient energy is needed in the right form and at the right time for adequate crop 
production. One way to optimize energy consumption in agriculture is to determine the 
efficiency of methods and techniques used. With the current increase in world population, 
energy consumption needs effective planning. That is, the input elements need to be 
identified in order to prescribe the most efficient methods for controlling them 
4. Study area 
A study on the pattern of energy use in millet production was conducted in the eight local 
government areas of Jigawa States semi-arid zone of Nigeria (Figure 1). It is situated in 
north-western part of the country between Latitudes 11.00oN to 13.00oN and Longitudes 
8.00oE to 10.15oE. The study areas have 3-4 months rainfalls duration followed by a long dry 
session. The annual precipitation is between 400 and 600 mm, which vary from year to year. 
The main livelihood of the people is agriculture of which millet is the most important crop 
for consumption. Over eighty percent of the population is engaged in subsistence farming 
and animal husbandry.  
A stratified random sampling technique was used to select the millet farmers in the study 
area and were classified into three groups (I-III) based on their farm sizes as small (1 ha or 
less), medium (2-4 ha) and large farms (5 ha and more). Sixty (60) farmers were interviewed 
in each of the groups. A total of 180 sample data were collected. The data for energy input 
resources used in all the selected farms during millet production from land preparation up 
to transportation to market or house were collected using structural questionnaire and oral 
interviews in the production years 2006 and 2007.  
 
Crop Production Technologies 264 
order to make deductions on the efficiencies of the energies and suggestions on which 
energy sources or their combinations need to be used and at what levels. Also this would 
serve as a data bank for any related study. 
2. Energy input-output analysis in crop production 
Some studies on energy use and evaluation methods elsewhere were reported. Bridges and 
Smith (1979) developed a method for determining the total energy input for agricultural 
practices. The categories of energy considered were those of manufacture, transport and 
repairs (MTR), fuel and labour. Fluck (1985) also in his study developed two models to 
quantify energy sequestered in repairs and maintenance of agricultural machinery as 
compared with the energy input in new machinery. Energy use analysis from the literature 
have shown that different authors who used different methods for evaluating human 
energy reported several values of the energy content for manual labour. Hence, there is no 
universally accepted energy value of manual labour. However, for countries where 
agriculture is dominated by human energy, it is reasonable to adopt the value obtained by 
Norman (1978). Sustainable direct energy is required to perform various tasks related to 
crop production processes such as for land preparation, irrigation, harvest, post harvest 
processing, transportation of agricultural inputs and outputs. In other word, high level of 
direct energy such as fuel and electricity are needed to be used at farm for crop production 
(Alam et al., 2005; Hoeppner et al., 2006; Khambalkar et al., 2005; Kizilaslan, 2009). Unlike 
direct energy which is directly consumed at the farm, indirect energy is not directly 
consumed at the farm rather are the energy used in the manufacture, packaging and 
transport of fertilizers, seeds, machinery production and pesticides (Ozkan et al., 2004). The 
energy input for the crop production differs to a large extent from area to area and also 
depending on the level of mechanization. In modern crop production is characterized by the 
high input of fossil energy (fuel and electricity) which is consumed as direct energy and as 
indirect energy (fertilizers, pesticides, machinery, etc.). In some low-input farming systems, 
example in large areas of Africa, the energy input on arable land is lower than 1GJ ha-1, 
whereas in some modern high-input farming systems in west Europe, it can exceed 30GJ   
ha-1 (Pimentel, 2009; Reed et al., 1986). In the past decade, with increase in energy inputs in 
agriculture, an equivalent increase in crop yields occurred. Other studies have suggested 
that the energy use efficiency of our traditional cropping systems have been sharply going 
downward in recent years due to energy inputs increasing faster than energy output as a 
result of the growing dependency on inorganic fertilizers and fossil fuels (Hatirli et al., 2006; 
Jekayinfa & Bamgboye, 2007; Khambalkar et al., 2005). If the increase in the energy use in 
the agricultural industry continues, the only chance of producers to increase total output 
will be using more input as there is no chance to expand the size of arable lands. Under 
these circumstances, an input-output analysis provides planners and policy-makers an 
opportunity to evaluate economic interactions of energy use. 
3. Millet production  
Pearl millet (Pennisetum glaucum (L) R. Br.) is a cereal grain with good drought tolerance and 
hardiness widely grown in the hot and dry climates areas of arid and semi-arid regions of 
Africa and southern Asia. It is one of the four most important cereals crop (millets, sorghum, 
 
Energy Use Pattern in Millet Production in Semi-Arid Zone of Nigeria 265 
maize and rice) normally grown where rain fall is not sufficient (200-600 mm) for corn and 
sorghum. In 1995, the global production of millet exceeds 10 million tons per year in a total 
estimated area of 15 and 14 million hectares in Africa and Asia respectively. Millet 
production increased from 26 million tonnes in 1981 to 31 million tones in 1990 in Asia, 
Africa and the former USSR. The major millets producers’ nations in 1990 were India (15%), 
China (10%), Nigeria (65%) and the former USSR (10%) (FAO, 1996). Amongst different 
species of millet Worldwide, four are cultivated in Africa with Pearl millet-Pennisetum 
glaucum (L) R. Br., Finger millet-Eleusine coracana L. Gaertn.,  Teff millet-Eragrostis teff (Zucc) 
and Fonio millet-Digitaria exilis (acha) accounting for 76%, 21%, 1.8% and 0.8% of the total 
production respectively (Andrews & Kumar, 1992). In most countries of Africa and Asia, 
millets production is primarily for human consumption as staple food (78%) with other uses 
of less than 20%. In other countries like Mexico, Australia, Canada and the United State of 
America, pearl millet is grown as a forage crop for livestock production. Future trends 
indicate that millet crop production will increase globally because of the increase in number 
of millet consumers. However, the production of millets is still at subsistence level by 
smaller scale farmers (0.5-5 hectare farm size) in most part of the Africa. Furthermore, millet 
crops remain the key sources for food security and energy for about 250 million people in 
sub-Saharan Africa. Meanwhile, the millets crop production areas in this region of sub-
Saharan Africa coincide with where most of the poor people live. This coincidence has a 
significant effect on these poor people to their socio-economic, food/shelter, health and 
environment. In Nigeria, like any of the sub-Saharan African countries, millet is produced in 
rid and semi-arid drought-prone northern part by the low income earners farmers. 
Sufficient energy is needed in the right form and at the right time for adequate crop 
production. One way to optimize energy consumption in agriculture is to determine the 
efficiency of methods and techniques used. With the current increase in world population, 
energy consumption needs effective planning. That is, the input elements need to be 
identified in order to prescribe the most efficient methods for controlling them 
4. Study area 
A study on the pattern of energy use in millet production was conducted in the eight local 
government areas of Jigawa States semi-arid zone of Nigeria (Figure 1). It is situated in 
north-western part of the country between Latitudes 11.00oN to 13.00oN and Longitudes 
8.00oE to 10.15oE. The study areas have 3-4 months rainfalls duration followed by a long dry 
session. The annual precipitation is between 400 and 600 mm, which vary from year to year. 
The main livelihood of the people is agriculture of which millet is the most important crop 
for consumption. Over eighty percent of the population is engaged in subsistence farming 
and animal husbandry.  
A stratified random sampling technique was used to select the millet farmers in the study 
area and were classified into three groups (I-III) based on their farm sizes as small (1 ha or 
less), medium (2-4 ha) and large farms (5 ha and more). Sixty (60) farmers were interviewed 
in each of the groups. A total of 180 sample data were collected. The data for energy input 
resources used in all the selected farms during millet production from land preparation up 
to transportation to market or house were collected using structural questionnaire and oral 
interviews in the production years 2006 and 2007.  
 
Crop Production Technologies 266 
 
Fig. 1. Map of the study area 
5. Energy use pattern in millet production 
Substantial numbers of research studies have been conducted on energy use in agriculture 
(Abubakar & Ahmad, 2010; Ahmad, 1994; Canakci & Akinci, 2006; Hatirli et al., 2006; 
Hoeppner et al., 2006; Kizilaslan, 2009). Energy use in agricultural production has become 
more intensive due to the use of fossil fuel chemical fertilizers, pesticides, machinery and 
electricity to provide considerable increases in food production. However, more intensive 
energy use has brought some important human health and environment problems so 
efficient use of inputs has become important in terms of sustainable agricultural production. 
However, millet has been paid relatively little attention. Furthermore, this study considered 
the effect of farm size on energy use and input costs. According to Pimentel (1992), energy 
consumption per unit area in agriculture is directly related to the development of the 
technology in farming and the level of production. The amount of energy used in 
agricultural production, processing and distribution is prerequisites for improved 
agricultural production. Fluck and Baird (1980) hypothesized that the highest partial energy 
productivity is achieved at the point of minimum mechanization energy inputs and 
increasing mechanization energy increase crop yield at a decreasing rate. 
5.1 Evaluation of energy use 
The input energy consumption for different farm field operations in producing millet was 
classified on the basis of source and use as direct and indirect energy and then renewable 
and non-renewable energy.  The direct energies such as human or animal power, diesel and 
electricity, are the energy which are released directly from power sources in millet 
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production while indirect energy are those which are dissipated during various conversion 
processes like energy consumed indirectly in manufacturing, repair and transport, storage, 
distribution and related activities and also energies embodied in seeds, farmyard manure, 
pesticides and fertilizers. Non-renewable energy includes petrol, diesel, electricity, 
chemicals, fertilizers and renewable energy consists of human and animal power (Pimentel, 
1992; Singh et al., 2002, 2003; Singh et al., 2007).  
5.1.1 Direct energy inputs 
The direct energy inputs per hectare during millet production include manual (human) 
labour, draft animal and fuel (diesel) and were computed using the equations adopted by 
Bockari-Gevao et al., (2005) in equations below as follows; 
5.1.1.1 Energy input from manual labour 
The rate of labour use in the millet production process was determined for each operation. 
The labour energy input (MJ ha-1) at every stage of the production process was estimated by 
the following equation 2; 
 �������� = 	�������	�	�������� 	�	�������		 (1) 
where: 
MElabour = Manual labour energy, MJ ha-1 
NLabour = Number of working labourers 
Time = Operating time, h 
Area = Operating area, ha 
FLabour = Labour energy factor, MJ h-1 
5.1.1.2 Energy input from draft animal 
Singh et al.,(1997) reported that pair of bullocks have power equivalent of 746 W (1.0 hp). 
Therefore Energy input from draft animal was evaluated as follow; 
 ��� = �����	 (2) 
where: 
EDA = Draft animal energy input, MJ ha-1  
W = Power equivalent for pair of bullocks, MJ 
Area = Operation area, ha 
5.1.1.3 Energy input from fuel  
The specific energy use from fuel (fossil) was evaluated by quantifying the amount of diesel 
consumed during each millet production process 
 ���� = ���	�	���	�	��	�	�	 (3) 
where: 
SDFE = Specific direct energy use (fuel) for a field operation, MJ ha-1 
AFU = Average quantity of fossil fuel (diesel or petrol) use per working hour, L h-1 
PEU = Specific energy value per unit litre of fuel, MJ L-1 
NP = Number of pass for applications in the considered field operation 
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h = Specific working hours per pass, h ha-1 
5.1.2 Indirect energy inputs 
The indirect energy inputs per hectare during millet production include machinery, seed, 
fertilizer and pesticide and were computed using the equations adopted by Bockari-Gevao 
et al., (2005) in equations below as follows; 
5.1.2.1 Energy input from machinery 
The indirect energy contribution of machinery for each field operation was determined by 
the following equation 4 below; 
 ������ = ���� ������� � � �� �� (4) 
where: 
SINDME = Specific indirect energy for machinery use for a field operation, MJ ha-1 
TMW = Total weight of the specific machine, kg 
CMED = Cumulative energy demand for machinery, MJ kg-1 
SV = Salvage value life of machinery, h 
NP and h as defined above.  
5.1.2.2 Energy input from chemical energy 
The indirect chemical energy per unit area for other production inputs such as fertilizer, 
pesticides and farmyard manure was expressed as in equation 5 below; 
 ������� = ����� ������������ (5) 
where: 
INDESFP = Indirect energy input such as for seed, fertilizer or pesticides, MJ ha-1 
Rate = Application rate of input, kg ha-1 
ENFMaterial = Energy factor of material used, MJ kg-1 
5.1.2.3 Energy input from biological energy 
Mainly seeds and hormone were included as biological energy inputs. Existing data on 
hormones was used. The energy equivalent value of 14.00 MJ kg-1 was used for seed (millet) 
input and an assumed equivalent value higher than energy (seed) input by 1 MJ kg-1 of crop 
(millet) production output was also used (Singh & Mittal, 1992; Singh et al., 1997). 
5.1.3 Total energy inputs 
The energy input intensity (eI) was determined from the summation of all the energies input 
(direct and indirect) and dividing by the effective area of millet production as given by the 
following equation 6 below; 
 �� = ��� (6) 
where: 
eI = Energy input intensity, MJ ha-1 
E = Total energy consumption, MJ 
A = The effective production area, ha 
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5.1.4 Total energy output 
The energy output intensity (eO) was derived by multiplying the production intensity (s) by 
the energy coefficient of seed (Bs) as represented in equation 7; 
  (7) 
where: 
e0 = Energy output intensity, MJ ha-1 
s = Production intensity, kg ha 
Bs = Energy coefficient of seed (millet), MJ kg-1 
5.1.5 Energy use ratio 
The overall energy use ratio (OEUR) was then determined as the ratio of the energy output 
intensity to the energy input intensity (Equation 8). It is assumed that, if the OEUR is greater 
than 1, then the production system is gaining energy, otherwise it is losing energy. 
  (8) 
where: 
OEUR = Overall energy use ratio, dimensionless 
e0 = Energy output intensity, MJ ha-1 
eI = Energy input intensity, MJ ha-1 
Energy equivalent value of 109 MJ kg-1 was used to represent the embodied energy in a 
piece of equipment as reported by Pimentel (1992). He further reported that the average 
energy value of 109 MJ kg-1 of weight of machinery includes 62.8 MJ kg-1 for steel 
production; 8.4 MJ kg-1 for the fabrication of parts and assembly; and 37.7 MJ kg-1 for repairs 
and maintenance. All practices requiring fossil fuel were evaluated with diesel and petrol as 
the energy sources. The energy associated with fuel use was 47.8 MJ L-1 and 46.3 MJL-1 for 
diesel and petrol fuels, respectively (Pimentel, 1992). This includes estimates for engine oil, 
grease, manufacture and transportation to the farm as reported by Bridges & Smith (1979). 
The human energy required to perform any operation or practice is based on the number of 
labourers required to perform the operation and the field capacity of the machine. In this 
study, the labour input in terms of manual energy was evaluated at 1.96 MJh-1 (Norman, 
1978; Pimentel, 1992). Chemical fertilizers, farmyard manure and pesticides are main 
sources for chemical energy inputs. ). The total chemical fertilizer input was calculated using 
energy equivalent values were assumed to be 78.1, 17.4 and 13.7 MJ/kg for nitrogen (N), 
phosphorus (P2O5) and potassium (K2O) respectively (Mudahar & Hignett, 1987). These are 
the energy requirements for producing and transporting commercial fertilizers. The average 
energy inputs for the production of the active ingredients of herbicides, insecticides and 
fungicides were assumed to be 255, 185 and 97 MJkg-1, respectively (Black, 1971; Hatirli et 
al., 2006). An average energy coefficient (Bs) of 14.7 MJ kg-1 for millet seeds was used 
(Abubakar & Ahmad, 2010)   
6. Analysis and discussions of energy input-output in millet production 
Energy analysis was performed based on field operations in millet production such as land 
clearing, tillage, planting, weeding, farmyard manure/fertilizer application, pesticides 
application, harvesting and threshing. Operational energy used in form of the direct (fuel 
and human labour or animal power) and indirect (machinery, farmyard manure, fertilizer, 
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study, the labour input in terms of manual energy was evaluated at 1.96 MJh-1 (Norman, 
1978; Pimentel, 1992). Chemical fertilizers, farmyard manure and pesticides are main 
sources for chemical energy inputs. ). The total chemical fertilizer input was calculated using 
energy equivalent values were assumed to be 78.1, 17.4 and 13.7 MJ/kg for nitrogen (N), 
phosphorus (P2O5) and potassium (K2O) respectively (Mudahar & Hignett, 1987). These are 
the energy requirements for producing and transporting commercial fertilizers. The average 
energy inputs for the production of the active ingredients of herbicides, insecticides and 
fungicides were assumed to be 255, 185 and 97 MJkg-1, respectively (Black, 1971; Hatirli et 
al., 2006). An average energy coefficient (Bs) of 14.7 MJ kg-1 for millet seeds was used 
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6. Analysis and discussions of energy input-output in millet production 
Energy analysis was performed based on field operations in millet production such as land 
clearing, tillage, planting, weeding, farmyard manure/fertilizer application, pesticides 
application, harvesting and threshing. Operational energy used in form of the direct (fuel 
and human labour or animal power) and indirect (machinery, farmyard manure, fertilizer, 
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pesticide, and seed) energy sources involved in the production process were computed. The 
analysis of the data collected with respect of the millet reduction in the study area was 
reported. The major issue of concern is that farmers use more energy to increase output but 
they do not have enough knowledge on most efficient energy inputs to use. Thus, an input–
output energy analysis provides farmers and policy makers an opportunity to evaluate 
economic intersection of energy use. Direct and indirect types of energy are required for 
agricultural production. Energy input-output relation analysis is usually used to evaluate 
the efficiency and environmental impacts of the production systems. On the other hand, the 
energy use ratios in agricultural production are closely related with production techniques, 
quantity of input, yield level and environmental factors. It was also reported that large 
farms used energy in the best possible way to achieve maximum yield than the small size 






Energy resource Input for different farmer 
groups (MJ ha-1)
Group I Group II Group III 
Land Clearing 
MElabour 130 220 70 
EDA 75 30 Nil 
SDFE Nil 35 65 
SINDME Nil 65 145 
Tillage 
MElabour 400 65 40 
EDA 320 180 Nil 
SDFE Nil 820 1600 
SINDME Nil 550 700 
Planting 
MElabour 450 145 135 
EDA 70 120 Nil 
SDFE Nil 320 600 
SINDME Nil 150 250 
Weeding 
MElabour 750 435 115 
EDA 35 25 220 
SDFE Nil 120 180 




MElabour 350 65 30 
EDA 180 110 Nil 
SDFE Nil 125 150 
SINDME Nil 250 340 
Pesticides 
application 
MElabour 320 115 45 
EDA 110 Nil Nil 
SDFE Nil 45 120 
SINDME Nil 120 180 
Harvesting and 
Threshing 
MElabour 540 350 150 
EDA 215 90 Nil 
SDFE Nil 75 145 
SINDME Nil 250 415 
Table 1. Mean values of energy resource input for various field operations for different 
farmer groups 
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6.1 Energy use pattern  
Table 1 showed the computed values of energy resource input for various field operations 
for different farmer groups. The study revealed that the least amount of energy input was 
during land clearing for the entire three farmer group (Figure 1a-c). Actually the amount of 
energy needed for this operation is generally low because all the farmlands have been 
previously cultivated. There was nothing much to be done apart from burning and 
collecting dry plant residues and grasses. Tillage and weeding operational activities 
consumed the highest energy input values for the three groups of the farmers. This could be 
due to the highly intensive and excessive energy use during soil breaking by tillage 
implements and weeding was mostly repeated manually since fewer chemicals were used 
by the farmers in controlling weeds. This findings is in agreement with the result reported 
by Nuray, (2009); Umar, (2003); Leach, (1975) and Lockeretz et al., (1978). Group I farmers 
consumed 20% of the energy used on weeding operation, 19% on harvesting and threshing 
activities with 5% energy used on land clearing. Energy used by Group II and III farmers 
include 33% for tillage, 17% for weeding and 7% for land clearing; and 38% for tillage, 16% 
for planting and 5% for land clearing respectively. Results suggest that for the group with 
big size farm (≥ 5 hectares), tillage operation consumes the highest energy whereas for 
group with farm size (≤ 1 hectare), weeding engulfs more energy. This is similar with 
research reported by Shahin et al., (2008); Pimentel & Pimentel, 1996 (1996) and Walsh et al., 
(1998), whose agreed that the energy consumption depends on farm size and level of 
production activities.  
Duncan multiple range test (DMRT) for the mean comparison of the resource input for 
various field operations for different farmer groups (Table 2). Result shows that all means 
are statistically different at 95% confidence level. A linear relationship between the total 
energy input and output from the multiple linear regression analysis conducted for the 
various farmer groups with value of R2 = 0.97. This indicates that millet crop yield is directly 
dependent on the energy resource input. 
Means with the same letter are not statistically different at the 5% level of significance 
Figure 2a and b depicts the average total energy inputs from based on the energy sources 
during the millet production from the various farmer groups. Manual and fuel energy were 
the main contributor of the direct energy for farmers in group I and Group III respectively 
(Figure 2a). From the indirect energy sources fertilizer had the highest contribution followed 




Field operational energy consumption (MJ ha-1) 
Land 









Group I 205a 720b 520c 785d 530e 430f 755g 
Group II 350a 1615b 735c 820d 550e 280f 515g 
Group 
III 280
a 2340b 985c 940d 490e 345f 710g 
Table 2. Duncan multiple range tests for mean comparison of energy resource input for 
various field operations for different farmer groups 
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pesticide, and seed) energy sources involved in the production process were computed. The 
analysis of the data collected with respect of the millet reduction in the study area was 
reported. The major issue of concern is that farmers use more energy to increase output but 
they do not have enough knowledge on most efficient energy inputs to use. Thus, an input–
output energy analysis provides farmers and policy makers an opportunity to evaluate 
economic intersection of energy use. Direct and indirect types of energy are required for 
agricultural production. Energy input-output relation analysis is usually used to evaluate 
the efficiency and environmental impacts of the production systems. On the other hand, the 
energy use ratios in agricultural production are closely related with production techniques, 
quantity of input, yield level and environmental factors. It was also reported that large 
farms used energy in the best possible way to achieve maximum yield than the small size 
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Fig. 1. a, b and C. Percentage mean total of energy input per field operation for various 
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Fig. 2. a. and b. Average total energy inputs based on sources (a) direct energy input, (b) 
indirect energy input for various farmer groups  
6.2 Overall energy use ratio 
The overall energy use ratio (OEUR) was determined from the ratio of total energy output to 
the total energy input (Table 3). The farmer group with OEUR value greater than 1 indicates 
the millet production system is gaining energy or else that it is losing energy.  Result 
demonstrates that group II farmers have shown efficient use of energy resources. This could 
be because they have been using all the sources of the energy during their millet production 
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This shows losing of energy use or low efficient level of energy usage in the course of millet 
production. The reason is obvious since the farmers in this group use manual labour from 
human and animal in producing the millet which was laborious and time consuming, a 
scenario similar to the finding of Haque et al., (2000); Pimentel, (2009); Mohammadi & 
Omid, 2010) (2010) and Tolga et al., (2009) who conducted and reported similar work for 
different types of crops in different parts of the world.  
 
Energy input and output in all field 
operations 
 Farmer groups 
Group I Group II Group III 
Total energy input (eI) (MJ ha-1) 3945 4845 6090 
Total energy output (eO) (MJ ha-1) 3156 12597 12789 
Overall energy use ratio (OEUR) 0.8 2.6 2.1 
Table 3. Total energy inputs, energy outputs and energy use ratio 
7. Conclusions 
The study reported the pattern of energy use for millet production with selected farmers. 
Production energy indicators were evaluated using data collected from a structural 
questionnaire and published literatures. Result revealed the major energy sources were 
manual labour, animal draft and fuel energy for the direct energy and also farmyard 
manure, pesticides, machinery and seed for the indirect energy. Soil tillage and weeding 
operations were the production activities that consumed most of the energy intense 
operation whereas land clearing operation requires the least energy input for the entire 
farmer groups. However, it was observed that the cost of energy use per unit area decreased 
with increase of farm size. This would serve as a key guide for small size millet producers in 
the study area during policy making, planning and action taken as well as the government 
or any other stakeholder of millet production around the globe. 
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